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INTRODUCTION

T Adiabatic Shear is a peculiar form of plastic instabilitv that, once established, leads to

catastrophie faiture, [t s pec ulmr to deformation at hich strmn rates or crvogenic
temperature where the process s "practically” adiabatic,

Many authors have saggested or defined Adiabatie Shear as a therinal-induced plastic
inst;ihiln_\' that is extablished when the rate of work hardening is overcome by the rate of
thermal (deformation) softening,  In the light of more recent evidence the authors would
suggest the following definition:

Adiabatic Shear: A thermomechanical instability which is established when the rate
of strengthentng, due to strain hardening and strain rate hardening, ts overcome bv a
cornbination of the rate of geometrical softening, due to void nucleation and growth, and
the rate of thermal softentng due to the conversion of mechanical work into thermal energy.

References in this volume relating to the various aspects of Adiabatic Shear have been
categorized into the following general areas:

{, Ordnance Applications
If.  Metalworking
111,  Metallurgical Studies
1V, Miscellancous Aspects
Adiabatic Shear has been recognized as a principal failure mechanism in several tech-
nology areas peculiar to the ordnance indust~y, They are the penetration/perforation

of armor, the shatter of kinetic energyv projectiles, the fragpmentation of steel and the
explosive forming of slugs from plates, cones, etc,

The workability of a rnaterial undergoing adiabatic deformation can either he improved
due to the formation of a pseudo-superplastic state or degraded due to the localization of
strain into narrow bands,

Metallurgical studies on metal deformation, ductility, plasticity, and fracture report on
the causes and effects of Adiabatic Shear. Structural changes and phase transformations
are also noted.

The sudden release of elastic stored energy, the higch hydrostatic pressure, and the poor
thernial diffusivity of rock are responsible for the localization of slip and the melting of
fault zones during seismic faulting,

Additiworal evidence of Adiabatic Shear is found in the spallation of hammers. I
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. GRDNANCLE APPLICATICANS

A, PENETRATIOC N, PERFORATION OF ARMGH

t-A-1, Abbott, K, 11, "Effect of Nose Ceometry on the Terminal | allistic Perform-
ance of WO Cores,” Watertown Arsenal Lab, TR-712/231 -8, (December 1953),
AD 31 035

A comparison is nade between the armor-peraetration performance of
two truncated conical-nose and one ogival - osed tunssten carbide cores,
The behavior of each tvpe of core during penetration 1s analvzed, The
difficulty of precise mathematical formulation of results is discussed,
Several observations of shatter of tungsten carbide cores are made,
The correlation between projcctile condition and hole 1vpe 1s discussed
s0 that one may be anferred from a visual inspection of the other, All
data obtained during the tests are included,

1~A-2,  Abbott, K,1,, "Aetallurgical Observations of High Velocity Impact,”
Watertown Arsenal Lab, TP 18 85/1, (1960), AD 44 2437

Anncaled 1020 steel, hardened F'X5-318 steel, and 2024-T4 aluminum
alloy pellets with length-to~diameter ratios of 1,25 were fired at
standard steel armor, aluminum armor, and 301 stainless steel plates
at velocities from 2, 000 to 13,000 ft/scc, 1’late sections containing
crater half-sections were subjected to hardness, macrostructure and
microstructure measurements to determine metallurpical and phenomena
which influence crater formatior, Dvnamic instabilities resulting in
slip with the formation of transformed untempered martensite on maxi-
mum shear planes were observed in the standard steel armor, The
number of these shear bands with associated cracking increased with
increasing pellet velocity, Slip withnut transformation was observe«

in both the aluminum alloy and stainless steel plates, No local trans-
formation from austenite to martensite was observed in the stainless
steel, Lxtensive hardening in the vicinity of the crater was measured
in all plate materials,

I-A-3. Awerbuch, I, "A Mechanics Approach to Projectile Penetration, ' Israel
Journal of Technology 8:375-383, (1970)

In the program reported in this paper, a mathematical model was
developed which describes the mechanism of the normal penetration

of metallic targets., The model considers all the forces acting on the
projectile during penetration due to the concomittant motion of part

of the target mass, With the aid of the mathematical expressions the
projectile's velocity after perforation can he calculated by substituting
the information on the cavity diameter obtained experimentaily.
Another part of this program consisted of a series of penetration
experiments, For the sake of convenience and from practical con-
siderations, the experimental studies were carried out with ,22 caliber
lead bullets, The experimental results for the velocity drop due to
normal perforation of metallic plates were compared with the mathe -
matical model, and excellent agreement was established, In the frame
of this research an explanation for the dependence of the velocity drop
on the angle of impact was attempted, and ballistic tests were per-
formed with different materials,

B



I. ORDNANCE APPILICATIONS (cont, )

1-A-4, Backman, M. F., "Damage Mechanisms and Terminal Ballistics Research,”
Transactions of the 6th NWC Warhead Rescarch and Development Svmposium,
Naval Weapons Center, T P-4835, Vol, 1, p. 111, (Octoher T4-16, 19639},
- AD 307 163L (Paper unclassified)

Damage mechanisms associated with the ballistic impact of chunky
fragmentgsnd moderately long fragments against plates or s- ell
structures are identified as: (1) penetration, (2) perforation and
secondary internal impacts by the residual projectile, (3) fragmentatior
and secondary internal impacts by fragrnents from the perforation
process, and (4) auxiliarv energy transport and hiberation processes
associated with perforation fragmentation, Fxamples are given of the
analyvsis of the operation of conventional fragmenting weapons, shaped
charge weapons, and other forms of weapons using controlled fragment
distribution in terms of these danmage mechanisms, Recent develop-
ment in términal ballistic resecarch are discussed with respect to the
quantitative analysis of the above-mentioned damage mechanisms,
These developments include: (1) the numerical solution of 1mpact
problems, (2) the studies of deformation and fracture processes, and
(3) studies of very high-velocity ballistics of perforating fragments,
The contribution of the item of research to the damage mechanisma

is discussed and the outstanding problems in the analysis of the
damage me hanism is incicated,

1-A-5, PBackman, M. F,, "The Dyramics of the Ollique Impact of Projectiles
Against Barriers, ' Transactions of the 7th NWC Warhead Research and
Development Symposium, Naval Weapons Center, TP-3205, Vol, 2, p. 291,
{November 16-T4, 1971),« AD 519 9861, (Article unclassified)

The dynamics of nondeforming projectiles impacting at obliquity
against a barrier is analyzed using current models ¢ f penetration
resistance and barrier failure, Calculations are cacried out for pro-
jectile parameters typical of hombs and missiles using empirical
representations of resisting force that include the effect of projectile
yaw, These are compared to available data on deep penetrations into
soils and perforations of finite thickness of metal barriers, The
special case of the impact o1 a gphere ngainst a plate 1s investigated
experimentallv and theoretically to foeus attention on material response
and barrier thickness and thus refine the analysis of resisting force,
Prediction of the exit obliquity and final projectile velocity are com-
pared to experimental data for the impact of the hardened steel spheres
against mild steel and aluminum alloy barriers., The sudden onset

nf failures that cause perforation is slow to dominate the deflection of
the projectile,

I-A-6, Backman, M.I,, and S.A, Finnegan, '"Propagation of Adiabatic Shear,”
Metallugrical Effects at High Strain Rates, edited by R, W, Rohde, pub,
by Pelnum Press, p, 531-543, (1973)

Metallographic analysis of metals and alloys subjected to ballistic
impact or ¢xplosive loading reveals thin bands that are associated
with a displacement across the band, Micrographs show examples

of these bands found in SAL: 4130 to be the result of impact by a steet
ball, The shear displacement is shown by the displacement of the
surface, These bands occur in regions of general yielding and have
been called adiabatic shears because there is evidence that these are
inhomogeneous zones of shear in which plastic work heats the zore
adiabatically and causes thermal softening within the zone and -:eatly
reduces the shear resistance, :

-2-
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I. ORDNANCE APPLICATIONS (cont, )}

A5, Branton, LIL, FOE, Freld, G, P, Thomas and M, DWW, Walson, "The
Deformation of Metals by Hieh Veloeaty Impact, Plansec Procecdings
p. 137, (1564)

This paper deserihes a studv of hguid/sobhd and solvd/higuid impact
for a range of velocities, and the deformation that is produeced in
metats, When o hiquid mass stetkes a solid at high veloeaty, pressures
associated with compressible behavior are produced,  Thueh-speed
photography further shows that the outward flow of Liquid after impact
may be 2-3 times the impact velocity, dependine on the profile of the
impacting surface, The deformation nrocess 1o metalg s a combina -
tion of the high impact pressures arg the shearing actioi of the flowing
hiquid, With solids that fail i a brdtle fashion, the reflection and
interference of stress wa.2s becomes moportant, Obseevatic us of the
erosion of solids under repeated hiquid impaet show that the process
is more complex than with single impact, with fatigue now an important
failure mechanism 1n steels, beformation in the form of loealized
surface depressions has been observed on metals at pressures an

N order of maunitude below ther yvield strengths,  No defimite correlation
appears to exist between the nitial erosion rale, and other physical
properties such as hardness, In the hvpervelocity range, both liquid
and solid iimpact produce similar deformation, An apparatus for firing
small solid spceimens at velocities up to 3, 000 meters/sec, is
described, Metallographic observaddons on metals deformed by
hyvpervelocity impact are discussed,

{-A-8, Carrington, W, I, and M, L. V. Gavlier, "The Use of Flat-Ended Projectiles
for Determining Dynamic Yield Stress, Part I = Changes in Micro-
structure Caused by IXx:formation under Impact at High-Striking Velocities,
Royal Society London Proc 194A:323, (1348)

The mechanism of deformation of metals at high velocities has heen
studied by examining the microstructure of cvlinders of mild steel,
duraluminum ane standard silver (of composition Ag 92,5, Cu 7,3")
of similar hardness, and of steel balls after impact on steel plales
at velocities from 300 to 3830 ft/sce, ‘The means by which the stress
on impact was relieved depended on the material, and was first the
formation of twins or 'compression bands, "' 1, e,, by block movement
of wedges of material within individual grains, or by eracking, When
. the applied stresy could no longer be relieved in this wayv, plastie
deformation occurred, The amount of residual strain in deformed
mild steel and duraluminum has been examined observing changes of
microstructure after annealing, tlardness surveys were made on
longitudinal sectionsg of the eylinders and the results correlated with
the microstructures and with observations of the limits of strain due
to impact,

[-A-9, Craig, J,V,, and T.A.C. Stock, "Microstructural Damage Adiacent to
Bullet lloles in 70-30-l3rass, ' Australian Institute of Metals Journal
15:1, (1970) :

Severely deformed surface Jayers and bands of intense shear are
associated with the bullet holes, Surface layers of sinlar depth and
disposition are associated with slowly nunched holes consists of small
cells or grains (0,2 gain dia, ); there is considerable misorientatic..
between the grains and these are distinctive cell or grain bhoundaries,
On the other hand, the structure of the deformed lavers associated

“ '
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1-A-10,

I-A-11,

I-A-12,

I-A-13,

I. ORDNANCE APPILICATIONS (cont,)

with slowly punched holes consists of tangles of dislocations and extirc-
tion contours; although there is no distinct cell structure visible,
selected area diffraction indicates that many small subgrains or cells
are present, It is concluded that polyponization of this tvpe of struc-
ture has produced the structures associated with the bullet holes,

the necessary heat being generated during adiabatic shear,

Curtis, C.W., "Perforation L.imits for Nondeforming Projectiles, "
Frankford Arsenal, R-903, (February 1931) AD 96 123,

Curtis, C.W,, "The Problem of Armor ’icrcing Projectile Design: Its
Principal Division and Important Phases, ' Frankford Arsenal, R-901,
(February 1951) AT1 96 122,

Finnegan, Stephen A., "Metallographic Studies of Inhomogeneous Plast‘}c
Deformation in Steel and Titanium Allov Plates Atfter Ballistic Impact,

Transactions of the th NWC Warhead Researchand Development Symposium,

Naval Weapons Center, TDP-4835, Vol, 2, p, 463, {October 14-16, 1060}
AD 507 1651. (PPaper unclassified)

Inhomogencous deformations of two kinds are found in ballistically
impacted n:ctals, These include (1) simple shear zones of intense
deformation, and (2) modified shear zones showing significant micro-
structural changes, In the present investigation, SAL 4130 steel and
Ti-6A1-4V titanium alloy plates were impacted by SAL 1020 steel
spheres at veluetties below 6,000 ft/sec, and then examined by standard
metallographic techniques to identify the microstructure of the shear
zones, Binaryv phase diagrams, TTT curves and theories of thermo-

»plasticity estimate the possibility of microstructural changes, Simple
and modified shear zones were found 1n both alloys, with the modified
zones being characteristic of martensitic microsiructures, In the
steel, microbardness tests and the response of the zone to heat ireat-
ment indicates a martensitic microstructure but other aspects of zone
morphology did not, Thus, tentatively, the modified zones are identi-
fied as untempered martensite, but other exotic microstructures are
not ruled out,

Goldsmith, W,; S, A, Finnegan, and K.I. Rinehart, "Mechanical and
Metaliographic Studies of Penetration and Perforation Processes in Steel
and Aluminum, " Transactions of the 7th NWC Warhead Research and
Development Svmposium, Naval Weapons Center, TP-5205, Vol, 2,

p. 447-474, {November 16-~18, 1971), AD 519 986L. (Paper unclassified)

A mild and an alloy steel as well as two grades of aluminum were
subjected to normal impact by hard-steel spheres of various diameters
at velocities ranging from 500 to 8, 000 ft/sec. A pictorial history

of the penetration or perforation process was obtained by means of
either a high-speed framing or a Kerr cell camera that permitted a
delineation of the contact force variation, Radial and circumferential
strain histories were determined at various positions from the impact
point., -In addition, crater and fragment dimensions were ascertained
and supplemented by metallograph.c examination of the impact region
of the targets, The data indicate a diminution in the velocity drop of
the projectile just above the ballistic limit followed by a monotonous
increase in this parameter with further increase of the hullet speed,

_ = The metamourphosis of the perforation mechanism from a bending to a

4=
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1, CRDNANCH APPLICATIONS (cont, )

punching in thin plates mode was substantiated both from terminal
target configuration and strain gage measurements, Good correlation
of the experimental vesults was obtained with the predictions of a
theoretical model encompassing target compression, shear and inertial
resistance in a velocily regime considerably above the ballistic limit,

I-A-14, Hayes, G.A,, "Development of a Sincle Element, 20mm, General Purpose
Projectile Penetrator ()," Naval Weapons Center, TI’-4617, (February
1969), AD 501 6431, (Confidential)

-

This report describes an experimental testing proeram lo develop an
improved penetrator material and design for incorporation in a 20mm
general purpose (G1°) round. Over 1206 penetration firings were made
investigating 27 different penctrator geometrical configurations and

13 materials. The experimental test program consis:ed of the pene-
tration study, a studv of behind-armor effects, and a correlation of the
mechanical propertics and metallurgical structure of armor and
penetrators with achievable penetration, The {ollowing experimental
variables were investigated: (1) penetrator velocity, (2) penetrator
geometry and material, (3) target material, (4) target thickness and
hardness, and (3) target angle of obliquity, (U)

I-A-15., Hehemann, R.F. and J, G, kerr, "Armor-Piercing Steel Projectiles
Mechanical Preperties,’ Frankford Arsenal, R-910, (September 1938)
AD 225 181

Mechanical properties of steels (particularly those of armor -piercing
projectilcs) and the principal mechanical tests (tension, compression,
and indentation hardness) which measure the resistance of these

steels to plastic deformation, are discussed. The relationships

between projectile dvnamic impact behaviar and mechanical properties
are shown in terms of correlations with hardness, metallurgical history,
and compression tests, In the discussion of various bend and impact
tests, projectile body failure is shown to be related to bend strength

and metallurgical history. The relationships hetween projectile

shatter and adiabatic shear deformation are shown, and the influence

of strain hardening characteristics of steels (determined in compression)
upon adiabatic shear behavior is indicated.

1-A-16, Ipson, T.W,, and R.F. Recht, "Multiple Plate Perforation,” Transactions
of the 6th NWC Warhead Research and Development Symposium, Nava

Weapons Center, 1P-4835, Vol, 2, p. 427, {October 14-16, 1969). AD
507 1651. (Paper unclassified)

During ballistic perforation, two distinct fragment mass loss modes

are ohserved, When the deformation mass loss mode is operative,

compressive impact pressures produce lateral extrusion of projectile

material near the interface, a portion of which is sheared off during

subsequent plate perforation, Above a critical velocity, projectile

orientations which produce "flat" impacts cause projectile shatter due

to shock interactions, The deformation mass loss mode continues to

apply above the critical velocity to "'non-flat'" impacts, DRI and TIIOR

residual velocity and residual mass relations are used to develop multi-

ple plate perforation prediction models., Predictions are compared

with data generated at BRI,, RARDI:, and DRI. In addition to separate i
residual mass and residual velocity comparisons, residual lethality ne



1. ORDNANCE APPLICATIONS (cont,)

comparisons are made using the magnitude of the lethalitv vector

2
- M¢° \, Two fragments having the same value of this quantity
have nearly equivalent kill and plate perforation capabilitices,

1-A-17, Irwin, G, J., "Mectallographic Interpretation of lmpacted Ogive Penctrators,”
Defcnse Research listablishment, Canada, DREN -R-632/72, (October 1972)
AD 907 367

A metallographic studv was carrices out on uranium-based and tungsten-
basced penetrators which had impacted @ sema-infinite soft steel target

at normal incidence, The uramum allovs show a great tendency to
shear adiabatically at the surface, “This is belheved to be a function of:
(a) low work-hardening capability, (b) severe stress concentration at

the abrupt change tn penetrator cross section produced during impact
deformation, and (3) bending as a sceondary influence, Adiabatic shear
bands are also a site for ductile fracture, Marteasitic U-2Mo 1s mechani-
cally highly unstable, while U'-1Mo-, T\Xb-, 77, in the lamellur condition
shows promise as a potential alternative to W-Ni-Cu at impact velocitics
above 0,76 mm/us, The uraniam allov must be sufficiently hard, how-
ever, to avoid significant mushrccming,

1-A-18, Manganello, S,.1,, and K, H, Abbott, "Metallurgical Factors Affecting the
RBallistic Behavior of Steel Targets, ' Journal of Materials 7:231-239,
(June 1972)

This paper discusses the effects of material parameters and material
processing techniques on ballistic performance acainst armor piercing
projectiles, Various metalluroical und mechanical observations
associated with ballistic penetration are described, Specifically, the
effects of target composition, microstructure, purity (cleanliness),
hardness, ductility, toughness, and surfacc condition on ballistic
behavior are discussed, and relations between some of these parameters
and melting and solidification practices, rotling procedures, plate
thickness, and heat treatment are ziven, \ariables affecting the
resistance of bonded laminar-steel romposite targets to ballistic pene-
tration are presented, Projectile fracture, target spalling and cracking,
and white streaks (or shear bands) in targets are described,

1-A-19, Minnich, H,R., and N. Davids, "Plur Formation in Plates,' Pennsylvania
State University, (September 1964) AD 452 043

Both elastic deformation theory and hyvdrodynamic theory of deformation
due to hypervelocity impact are two extremes which leave a gap in the
difficult intermediate state where the target material undergoes a type
of viscous or plastic deformation, The reason for this gap is the
uncertainity in the constants of the material and complexity of the
analysis. A very important parameter is the "impact yield strength”
below which the material may be nssumed quasi-rigid and above which
viscous shear flow tends to take place, This tvpe of flow behavior is
reasonably accurate for many metals, This work (a) solves the
projectile-plate dynamical problem with one-dimensional viscous shear
flow of the material taking place ahove the impact yield constant, and
(b) compares the results with the etched specimens made from sections
of target plates deformed by firings of almost-flat projectiles, The
velocity, vertical shear stress and displacement profiles which are
obtained from the calculations are matched against the experimental

e
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I, ORDNANCE APPLICATIONS (cont.$

profiles and enable the impact vield constant to be determined, For
armor steel, this is 2,1 x 109 psi, a value ccensiderably higher than
conventional static yicld values, The coefficient of viscositv is found
to be 5.7 lb-sec/in?, The relationship hetween plate thickuess and
total deformation of the plate for a standard impact is deter-mined,
The impact is assumed wmitially umiformly distributed over a circular
area of the plate surface, and 1its variation with time s determined,
The significance of the investigation lies in showing probabie ranges
of material constants in the shear flow regime,

[-A-20. Murr, [.. E., and I, V, Foltz, "A Terminal Ballistics Application of
Transmission Electron Microscopy: The Anatomy of a Bullet liole, "
J Materials Science 5:63~81, (January 1970)

A novel technique was devised for the selected area observation of
residual microstructures in the deformation zones and the detached
cap sections of . 22 caliber bullet holes in thin sheets and laminate
thicknesses ranging from 0,03 to 0,54 mm of 304 stainless steel and
Inconel 600 by bright-and dark-field transmission electron microscopy.
Microhardness measurements over the detached cap and petals,
extending radially into the undeformed material, indicated lne zone of
action to be confined to a region bounded by the deviation of the impact
zone from the plane of the plate, This feature was confirmed by elec-
tron microscope ohservations which indicated no defects bevond the
bounds of the zone ofaction so defined., Residual microhardness was
observed to increase from the radial bound of the zone of action
toward the axis of projectile motion, with mazimum hardness values
roughly twice the undeformed sheet hardness observed in the petal
edges and the detached caps. Dislocation densities were observed to

increase correspondingly over this range (106 to 1011 cm-z), with

deformation twins occurring in the petal edges and the detached caps
of both materials, An analytical treatment of the specific ballistic
perforation examined in this investigation bas~ on the plastic
stretching of the target zone of action, fractu. .nd det~~hment of a
cap, and the subsequent petalling of the crater as per .cion com-=
mences, indicated an absence of high-pressure shock effects,

1-A-21 Recht, R.F,, "Containing Ballistic Fragments,' 3rd International Conference
on High Pressure, (May 1970)

A description of the dangers represented by the fracment hazard is
followed by specific definitions concerning the ranges of fragment

size, shape, and velocity to be expected, Ballistic limit velocity is
that velocity at which a given fragment has an even chance of perforating
a plate or other impacted item, It is a function of (1) fragment size,
shape, and material, (2) the configuration of the impacted item and the
materials of which it is made, and (3) impact orientation, If the
impacting velocity is above the ballistic limit velocity, the fragment
will ususally perforate the impact item, retaining a residual velocity.
If the velocity is below the limit velocity a ricochet will usually occur,
Empirical and verified analytical models defining the dynamics of plate
perforation and ricochet are used to develop and evaluate shielding
criteria, Effects of the total momentum and kinetic energy of a frag-
ment population area considered, Several shielding concepts are
reviewed,



[, ORDNANCLE APPILICATIONS (comt. )

I-A-22, Recht, R.F, and J, A, Dunn, "Ballistic Perforation of Spaced Steel Plates
by Stcel Cubes,” Denver Research Institute, DRI-2466, (August 15, 10468)

Steel cubes were fired throuvh sinyle and dual-spaced stecl plates at
normal obliquitv to establish the sensitivity of projectile fracture and
post-perforation dvnamics to plate spacing and impact orientation,
Time-of-arrival switches, orthogonal flash radiographs, and a
recovery target werce utilized to provide the dnta necessary to establish
weights, trajectories, velocities, and penetration capab.lities of all
recovered projectile fragments and plare particles weighing over 1/:
grain, Trajectories and certain veloetties were measured redundantly
to verify the precision of the experinent, Projectile fraciure and,
thus, po=st-perforation dyvnamics are strongly dependeat upon umpact
orientation, Lffects of spacing are less pronounced, Appended are
the results of an experiment involving hallistic perforation of thn
aluminum plates by evlinders,

[-A-23, Recht, R, F., .8, Grubin, and T, W, Ipson, The Application of Ballistic
Perforation \Mechanics to Tarcet Vulnerability and Weapons IL.ffectiveness
Analysis (U),” Naval Weapons Center, TP-45332, (December 1, 1967)

AD 390 880!L. (Confidential)

{-A-24, Recht, R. F., E.S. Grubin, D.C. Tucker, and T. W, Ipson, "Vulnerable
Area Analvsis of a Representative Forewn Fire Control Radar Subjected
to Attack by 0,50 Caliber Armor Piercing Projectiles (U), " Naval
Ordnance Test Station, TP-4278, (December 30, 1366), AD 380 0921,
(Confidential)

1-A-25, Recht, R, ¥,, and T, W, Ihson, "RBallistic Perforation Dvnamics,"”
Journal of Applied Mechanics 30:384, (No, 3, 1763)

Analytical equations of the types required to define ballistic perforation
dynamics are developed, These equations concern both blunt and
sharp-nosed fragments, perforating plates normally and at oblique
impact an¢les. Residual velocities are defined in terms of magnitude
and direction, Analvtical models and confirming experimental data,
which are presented here, specifically concern the ballistic velocity
impact range to about 257, of the velocity of longitudinal sonic waves

in the impacting materials,

I-A-26, Recht, R, F,, and T. W, Ipson, "Transformation of Terminal Ballistic
Threat Definitions into Vital Component Malfunction Predictions,”’ Naval
Weapons Center, TP=-4871, (May 1, 1969), AD 867 454L.

1-A-27, Sawver, R.B., "\echanism of Armor Penetration,’ Lehigh University,
(February 1951), AT}l 95 121

The various ways in which a plate may fail when subjected to proje: tile
impact differ both in the contro'ling factors and in the accompanving
physical processes, By sorting out the different modes of failure and
treating them individuallv, tr> ceneral problem has been considerably
simplified, [t appears at the present time that the principal tvpes

of failurc have been identificd, Furthermore, verv reasonable
mechanisms to account for these tvpes have been proposed, so there
exists a good qualitative picture of the perforation nrocess, This
picture serves the useful purpose of indicating the most important
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I. ORDNANCE APPLICATIONS (cont, )

factors controlling perforation and of providing a basis for correlating
experimental results, It has not, however, been developed in suificient
detail to perm?* exact calrulations of all the quantities of practical
interest to the designer. The mechanisms considered in the present
chapter are concerned with the behavior of homogeneous armor when
the projectile does not deform, Discussion is confined mainly to the
case of normal impact,

1-A-28. Stock, T.A,C., and K. R. L. Thompson, ''Penetration of Aluminum Alloys
by Projectiles, ' Metallurgical Trans 1:219, (1970)

Bands of intense¢ shear may be formed during the penetration of alumi-
num alloys by projectiles, [t is shown that the formation ~f these hands
lowers the ability of the material to withstand further projectile pene-
tration, The structure of these bands has been investigated by electron
microscopy, and the results obtained indicate that melting occurs
within the bands, A simple model of a propagating shear band predicts
that the material within the band will melt,

1-A-29, Thompson, K, R.L.,, T.A,C, Stock, and B,H, McConnoll, "Evidence for
Melting of a Low-Melting-Point Alloy During High-Velocity Impact, "
Journal of the Australian Institute of Metals 51:26, (No, 1, 1970)

The topography of solidified solder surfaces has been investigated
using electron microscopy. It is shown that "'ripples” which some-
times form on the surface are caused by the presence of an oxide
film, Similar ripples were observed on the walls of a crater produced
by high-velocity impact. It was concluded that localized melting of the
target had occurred during impact,

1-A-30, Williams, T., '"Metallization Aspects of the Response of 1-inch Thick
Armor Plate Steels to the Attack by Two Types of Tungsten Carbide (U),"
Rouyal Armament Research & Development Est, RM=18f70, (July 1970),
Ad 510 727 (Confidential)

Homogeneous steel armor plate heat treated tu different strength
1evels was attacked by small (0, 34-in, diam, ) conical-headed and
spherical (1,25-in, diam. ) projectiles to obtain information concerning
the effects of high- and low-velocity attack, respectively, Defected
plates revealed that the smaller projectiles penetrated by plastic
deformation and flow whereas the spherical projectiles caused failure
to occur by a shear-mechanism, When deformation occurred by
plastic flow, the critical velocities showed better agreement with the
0.2% proof stresses of the plates than with their hardness., With
spherical projectiles, a linear relationship was established between
the critical velocity and the total shear energy obtained in torsion
impact testing, It was calculated that the energy dissipated by fric-
tional heating during the passage of conical-headed projectiles through
the plate was only about 2% of that dissipated by plastic penetration, (U).

I-A-31. Wingrove, A, L., "Influence of Projectile Geometry on Adiabatic Shear
and Tar(:t Failure," Metallurgical Trans 4:1829-1833, (August 1973)

An examination has been carried out of the ability of projectiles of
three different geometries to periorate plates of an age-hardened
aluminum alloy, It was found that flat-ended projectiles perforate
the target with greater ease than projectiles with more rounded ends.

.;'-



I-A-32,

I. ORDwANCE APPLICATIONS (cont,)

The results are discussed in terms of the ability of a particular
projectile geometry to promote adiabatic shear during penetration and
the mode of fracture when prciectile breakout occurs,

Zener, C., and R. E. Peterson, '"Mechanism of Armor Penectration, "
Watertown Arsenal, R-710/492, (Mav 31, 1943), ATI 38 7.y

The forces which act upon projectiles during armor penetration, and
the effects thereof, are investigated. I'riction has been found to have
a negligible effect during armor penetration, The effect of obliguity
upon the ballistic limit is adequately accounted for merely by con-
sidering the increase in lengih of progectile path througrh the plate.
As to the effect of transverse forces on cones of standard caliber |, 50
AP ammunition, large surface tensile stresses are brought about,
These stresses result in fracture of caliber .50 AP cones when fired
at obliquities of 20 depgrees or over against production plate,

B. SHATTER OF KINETIC ENERGY PENETRATORS

1-B-1,

1-B-2,

I-B-3,

I-B-4,

Abbott, K,H., "Effect of Caps on Terminal Ballistic Performance of WC
Cores, ' Watertown Arsenal l.ab, TR-762/231-9, (January 1954),
AD 30 416

The effects of steel and tungsten caps on the penetratic~ of rolled
homogeneous armor by scule-model tungsten-carbide-cored projectites
were studied, Comparisons of the terminal ballistic performance of
capped and uncapped cores are given, Discussions of the effect of

the cap in reducing core shatter, and the resultant effect on the
mechanism of penetration of the armor are included. A presentation
designed to illustratc the importance of the cap weight is given,

Abbott, K.H,, "Lffect of Nose Geometry on the Terminal Ballistic
Performance of WC Cores, '"'Watertown Arsenal L.ab, TR-762/231-8,
(December 1953). AD 31 035

A comparison is made hetween the armor penetration performance

of two truncated conical-nosed and one ogival -nosed tungsten carbide
cores, The behavior of each type of core during penetration is
anaiyzed, The difficulty of precise mathematical formulation of results
is discussed. Several observations of shatter of tungsten carbide
cores are made, The correlation between projectile condition and hole
type is discussed so that one may be inferred from a visual inspection
of the other, All data obtained during the tests are included,

Armiento, D,F,, [I.W, Euker, and T.A, Read, "A Comparison of Five
Armor Piercing Core S'eels,' Frankford Arsenal, R-672, (November 1945)

Curtis, C.W,, "The Problem of Armor Piercing Projectile Design; Its
Principal Divisions and Important Phases,"” Frankford Arsenal, R-901,
(February 1951), ATI 96 122

Topics covered are the problem of AP projectile design, mechanism
of armor penetration, perforation limits for noudeforming projectiles,
mechanism of projectile deformation, occurrence of projectile defor-
mation and its effect on limit enerpy, dependence of deformation on

10~
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I1-B-5,

I-B-6.

I-B-7,

I-B-8,

1-B-9,

I, ORDNANCE APPLICATIONS (cont, )

projectile parameters, theory of cap action, attack of homogencous

armor, attack of nonhomogeneous targets, and mechanical properties,
Euker, H.\W., and T.A, Read, "The Shatter of Caliber ,60 AP Bullets, "
Frankford Arsenal, R-553, (October 1944,

Fuker, II.W. and T.A, Read, "Shatter of Birine Quenched and Air Quenched
Caliber .60 FXS 318 Steel Cores, " I'rankford Arsenal, R-616, (April 1943)

Ilehemann, R.F, and 1, G, Kerr, "Armor-Piercing Steel Projectiles
Mechanical Properties, ' Frankford Arsenal, R-910, (September 1198),
AD 225 181

Mechanical properties of steels (particularly those of armor-piercing
projectiles) and the principal mechanical tests (tension, compression,
and indentation hardness) which measure the resistance of these steels
to plastic deformation, are discussed, The rclationships hetween
projectile dvnamic impact behavior and mechanical properties are
shown in terms of correlation with hardness, metallurgical history,
and compression tests, In the discussion of various bend and impact
tests, projectile body failure is shown to be related to bend strength
and metallurgical history. The relationships between projectile
shatter and adiabatic shear deformation are shown, and the influence
of strain hardening characteristics of steels (determined in com-
pression) upon adiabatic shear behavior is indicated,

lpson, T.\, and R, F, Recht, "Multiple Plate Perforation,” Transactions
of the 6th NWC Warhead Research and Development Svmposium, Nava
Weapons Center, TP-4835, Vol, 2, p. 427, {October 14-15, 1969),

AD 507 1651. (Paper unclassified)

During ballistic perforation, two distirct fragment mass loss modes
are observed, Wlen the deformation mass loss mode is operative,
compressive impact pressures produce lateral extrusion of projectile
material iwar the interface, a portion of which is sheared off during
subsequent plate performation, Above a critical velocity, projectile
orientations which produce "flat'" impacts cause projectile shatter

due to shock interactions, The deformation mass loss mode continues
to apply above the critical velocity to ''non-flat”’ impacts, DRI and
THOR resgidual velocity and residual mass relations are used ta
develop multiple plate perforation prediction models, Predictions are
compared with data generated at BRI., RARDIZ, and DRI, In addition
to separate residual mass and residual velocity comparisons, residual
lethality comparisons are made using the magnitude of the lethality

vector L = M c2 V. Two fragments having the same value ot this
quantity have nearly equivalent kill and plate performance capabilities,

Irwin, G.J., ""Metallographic Interpretation of Impacted Ogive Penetrators, "

Defense Research Establishment, Canada, DREV-R-652/72 (October 1972),
AD 907 367 .

A metallographic study was carried out on uranium-based and tungsten-
based penetrators which had impacted a semi-infinite soft steel target
at normal incidence, The uranium alloys show a great tendency to
shear adiabatically at the surface. This is believed to be a function
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I-13-10,

1-B-11,
I-3-12,
l-_?‘_-l 3.

I-13-14,

I. ORDNANCE APPLICATIONS (cont, )

of (a) low work-hardening capability, (b) severe stress concentration at
the abrupt change in penetrator cross sectinon produced during impact
deformation, and (¢) bending as a secondary influence, Adiabatic shear
bands are also a site tor ductile fracture, Martensitic (U=-2Mo s
mechanically highly unstable while [-1\o-, T\b-, 77r, 1n the lamellar
condition shows promise as a potential alternative to W-Ni1-Cu at impact
velocities above 0, 70 mm/us, ‘The uraniun. alloy must be sufficiently
hard, however, to avoid significant mushirooming,

Mc:Caughey, J, M, and M. A. Dragoo, "High Speed Compression Tests of
Projectile steels,” Frantford Arsena, R-718, (Mav 1947), AD 403 311

A method whereby stress-stran data for adiabatie deformation may Le
obtained by the use of a drop-wereht apparatus 15 described, An
adiabatic stress-strain curve s presented for one lot of hardened
manganese-molvhdenum core steel, The stress-strain relation for
adiabatic deformation 1s extremelyv important becarse it 1s probable
that rne phenomenon of shatter failure results ecsentially from the
mstability of adiabatic deformation of the shot during penctration,

McKean, R.1{, and II, W, Fuker, "Metallursical Study of Shattered AP
Shot, " Frankford Arsenal, R-811, (lune 1347)

Zener, C., "Mechanisn: of Armor I'enetration,”’ Watertown Arsenal Lab,
R-710/492-1, (March 1944)

Zener, C,, "Micro-Mechanism of Fracture,” Fracturing of Aletals, pub,
by American Society for Metals, p. 3-31, (1948

Zener, C., und I, F, Sullivan, 'I’rinciples of Armor Protection, ™
\Watertown Arsenal [.ab, RR-710,607-3, Clune 1944), AD 102 333

Irrespective of hardness of cap, closeness of fitting, o~ of cap design,
1/12 caliber plates remove the caps of AI’C projectiles at service
velocitics, T'he use of such a decapping plate would result in marked
lowerirg of the shatter velociiv of the enemyv's projectiles, and there-
fore 1n their effectiveness, particularly in the important obliquity range
of 30 to 15 degrees,

C. EXPLOSIVE FRAGMiI'NTATION

I-C-1,

Bedford, A,J., "An Appraisal of a Method of Studying the Early Stages
of Natural Fragmentation, " Australian Defense Standards Labs, TN-294,
(March 1¢73). AD 012 239

Quick-stop exper iments on internaii+ explosvely loaded steel cvlinders
are performed using larger concuntric steel cvlinders to halt the
expansion, It is shown that excessive amounts of adiabatic shear are
induced in the cylinder walls and that this is not characteristic of a
natural fragmentation trial,

-12~-
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I. ORDNAXNCLE APPLICATIONS (cont, )

I-C-2. Bedford, A..J,, "The Natural FFravmentation of Steel Cvlinders with
Tempered Martensite Microstructures, Auastraitan Defense Standards
Labs, R-332, (December 1¢72), A 012 311

Small steel cylinders with martensitic microstructures produced by
heat treating steels of three different carbon contents were expiosively
fragmented, Some effects of material properties on the fragmentation
behavior are assessed by correlating recovered fragment mass dig-
tributions with observations made on the operative fracture modes,

The fracture modes are determined from optical microscopy of fragment
cross sections and from scannming clectron microscopy of fracture
gurfaces, It is shown, for the cvlinder sizes used, that coarse frag-
mentation is associated with predominant ductile shear fracture
whereas increases in the contributions from radial tensile fracture

and adiabatic shear fracture lead to finer fragmentation, The relation-
ships between the modes of fracture and martensite compositions and
heat treatment are discussed, and particular reference 1s made to the
fractography of adiabatically sheared surfaces,

I-C-3, Beetle, James C., and Williamy B, Steward, "A Fractographic Investigation
of l-:xpluswcly Fragmented Silicon-Manganese Steels by Scanning blectron
Microscopy, " Frankford Arsenal, M72-11-1, (May 1972), AD 903 353L

The influence of microstructure upon fracture mode and relative
fragmentation performance of steel test cylinders was assessed
fractographically by scanning electron microscopy. For the compo-
sitions used in this studv, a microstructural constituent which pro-
vides a path for brittle fracture under dynamic conditions appears to
be a necessity for enhanced fragmentation,

I-C-4, Beetle, J,C,, 1.V, Rinnovators and .1, D, Corrie, Proceedings 4th Annaal
Scanning Electron Microscopv Svmposium, Chicago, llinols, p. 137, (1971)

The present investigation was direrted toward studying by scanning
electron miicroscopy (SEN; the fracture morphology of silicon-manganese
steel cylinders which were fragmented by explosive loading, The com-
bined effects of high strain rates, transient pressures, and shuck waves
generated during explosive loading produce unusual behavior in metals,
Direct observation of these effects during fracture is difficult because
of the extremely short times involvel, Indirect techniques, such as
optical and . ':llographic examination, however, have heen employed
in several stuu.es. Such studies have provided useful information
regarding deforrmation and fracture of materials induced by exglosive
loading, [t was anticipated that the fracture modes would be readily
determined vsing the SEEM technique and that the results of the studv
would lead to a better understanding ol th: fracture process.

I-C-5, Clark, E.N, and I, P, Juriaco, "Mechanics of Fragmentation of Cylinders, "
Proceedings of the Army Symposium o1 Solid Mechanics, (Cctober 3-5, 1972),
7o be pul."ished

The phenomena of fragmentation are described. Two modes of failure
occur, For one type, cracks initiate on the outside surface, travel in
a shear direction toward the inside and at some point transfer to
propagation an adiabatic shear zone to the inside surface, Another
mode is fracture propagating in a radial direction and then following

13-
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[-C-8,

I. ORDNANCE APPLICATIONS (cont.)

an adiabatic shear zone, Racdhal cracking origirates within the material,
occurs much earlier than shear cracking, and results from wave-
propagation phenomena, The depth of radial crackinyr 1s shown to be
governed by the temperature of the material, The number of eracks
produced 1n a section of a cylinder correlates with the theory of Mott

if room-temperzature static mechanizcal properties are uthilized;
however, a better relationship can be obtianed by aliowing for variation
of the number of flaws used by Mott's formula, It s not possible to
use such an explanation to correct the Mottt constants for all materials,
however, It is concluded that these resnlts wustifv a considerably more
detailed study of the Mott theory,

Clark, E,N,, D,I.. Bagnoli and I, I’, Juriaco, "Fragmentation Mechanics
of Cylinders, " Proceedings of the U, S, Army Munitions Command Science
Conference, (Jane 13-10, T6m, XD 06 TET. (Paper unclassitied)

The first part of this work 15 a description of observations made on
fragments recovered in sawdust, The materials stuched in this case
were 72100 steel given a heat treatment so as to produce & carbide
grain boundars and the sume steel with a more convennional heat treat-
ment to give it strength comparable to that of the pram bourdary
material, All fragmentation evlinders fired were 5 inches long,

2 inches ID, 2.9 inches OD with 2=inch=long aluminum being loaded
with composition B, In all fragments studied 1o date adiabatic shear
forms at least part of the fracture surface, Thus 1t seems destrable
that there bhe many such sites nropavating through the material to pro-
vide fracture sites, The presence of a larve amount of carbon has the
further advantage of producing a weak laver of material which fractures
quite readilv, The whole phenomenon of adiabatic shear, however,
needs to be more thoroughly studied, {t 1s probable that the onset of
adiabatic shear is controlled by the initiation of cracks on the OD, The
question remains as to what controls the density and length of the shear,

Finnegan, S, A, and .J, Pearson, A Metallo.rapti~ Analvsis of Steel
Fragments Produced by the Shear-Control Method L)," Transactions of the
7th NWC Warhead Research and Development Sy mposium, Naval Weapons
Center, TP-33085, VoI, T, p. 71, (November u‘f-_lg,_f.'?""l Yo ADDAOIH 7351
(Confidential) :

A metallographic studv was made of the aciormation and gross failure
patterns of fragments from explosiv:ly loaded, thin-wall cvlinders

of mild steel, both with and wiitiout shea -control grids, The effects
of temperature embrittlement were studied bv maintaining different
cylinders in each of the test groups at ambient temperature, and
-110"F prior to detonation, Microhardness measurements and optical
microscopy were used to establish failure modes and stress histories
of the cylinder walls, Microstructural conditions in the fragments
are described in terms of grain deformation, shock twinming, and
localized recrystallization n the ferrite phase with associated varia-
tions in microhardness, Gross failure involving controlled shearing
processes is related to the presence of shear-control grids; and the
effects of an outer surface tensile skin in some cylinders are related
to low temperature, (1N

Hargreaves, C, R. and R, A, Simpson, "The Role of Adiabatic Shear in the

ragmentation of Steel,"” Honeywell Independent Research and Development
Report, (To be pblished)
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[, ORDNANCE APPLICATIGNS (cont,)

I-C-9, Hloggatt, C,R,, and R, F, Recht, "Fracture Rehavior of Tubular Rombs, "
Journal of Applied Physics 39:1856, (1068)

The piastic deforination behavior and modes of fracture exhihited by
tubular bomb casings are ¢greatly influenced by the stress state imnnsed
by explosive and inertial forces, These forces combine to produce
triaxial compression over a varving inner poition of the tube wall,
Noting that compressive hoop stresses would exist over a portion of

the wall, Tavlor has previously developed a hypothesis for prediction
of fracture radius, assumirg a radial fracture mode, This naper
introduces hypotheses related to the influcnce of stress state and
thermoplasticity upon fracture mode as well as fracture radius, The
resulting prediction tnodel closely predicts fracture radius and explains
the development of commonly observed shear-lip fractures, It illu-
strates why radial fractures are typical only when detonation pressures
are high,

I-C-10. Lamborn, E.R., "The Fracture of Small Intgrnally Detonated Cylindrical
Bodies Partlv Prefragmented by Notching, Part | = External Notchirg,”
Australian Defense Standards lLab, R-345, (April 1873)

A phenomenological study has been made of the fracture, on detonation
of a high explosive filiing, of small cvlindrical bodies partlv pre-
fragmented by externzl notching, Certain geometric factors are shown
to have identifiable effects on the fundamental stress pattern in the
cylindrical wall, and the break-up of the cylinder is detern-ined by

the deformation and fracture hehavior of the material in the net stress
pattern.. The interplayv of the various contributing georretric and
macerial factors can impose certain restrains on the application of
external notching for the control of fragmentation of cvlinders of the
sizes used, and these restraints are described,

I-C-11. Thornton, P. A., and F.A, Neiser, "Chservations on Adiabatic Shear
Zones in Explosively Loaded Thick-Wall Cylinders, " Metallurical Trans
AIME 2:1:96, (1971)

In a current metallurgical investigation being conducted on thick-wall
(4-inch wall, 7-inch ID), low=-alloy steel cylinders subjected to
internal explosive loading, adiabatic shear zones have been consistently
observed, To identify the microstructure of the zones and study their
role in unstable fracture processes, specimens containing these lines
were etched either in 2% Nital or 1% Picral + 11,0 and analyzed by
microhardness measurements, x-ray diffraction, electron beam
microyrobe and electron microscopy. Despite the very narrow band
thickne 's encountered in the specimens analvzed (1 to 14ku), Knoop
hardness reading (50g load) were obtained, 'These measurements:
shear zone 673 to 790 Khn (R, 30 to 36); and matrix 415 to 480 Khn
(R.) 33 to 38), indicate that the aaiabatic shear zone is substantially
harder than the matrix and are simrilar to values for untempered and
tempered martensite, respectively, for the 4337-M steel evaluated,
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I, ORDNANCE APPLICATIONS (cont,)

1~-C-12. Tucker, D.C,, C.R., Hoggatt, W.R. Grr, and R, ¥, Recht, "Prediction

ol the Theoretical Behavior and Energy Transfer when Solids are Subjected

to Explosive l.oading, " Denver Research Institute, DRI-2291, (August 20,

1965). AD 475078
Proposed 1n this program is a tc(-hni'q‘ac to deseribe the mode of frag-
mentation and the vector velocity of fragments from center-initiated
cylindrical and spherical charges, and the explosive projection of flat
plates, Thc approach taken permits the determination of the system
variables from the pressure distrbution within the wall and the shape
of the case at various times after initiation up to the moment of breakup,
The shape of 4 evlinder at various increments of time can be obtained
by solving the equations  f motion for an explesively loaded evlindrieal
wall considering the time of passage of the detonation front with respect
to given points on the wall in the axial direction, From the shape of
the wall, the radial and longitadinal strains can be obtamed, [t was
founed that, in general, there wuas insufficien' longitudhinal strain to
cause failure normal to the axis and that the fragments rmrust therefore
be the result of the coalescence of random longitudinal fractures, A
method for obtaining the velocity and direction of the fragments by
considering both the shape and aecceleranion of the wall at the momer
of breakup s presented,  In addition, a probabdistic method for deter-
mining the number of lonegitudinal fractures is presented, and a pro-
cecure fur determining the size and number of fragments is proposed,
An analvsis of the state of stress in an explosively expanding evlindri-
cal wall illustrates the mechanisms of deformation and modes of
fatlure. A summary of the results of a limited exper'mental program
which was designed to check the procedures used in the anulvsis is
also presented, Sample values for several of the variables are given
and graphs which indicate the effect of o range of values for parameters
that are not fixed are given, along with sample calculations which indi-
cate the utilization of the analyvtical techniques and formutae,

1-C-13. Walsh, B,, "Influence of Geometry un the Natural Fragmentation of Steel
Cylinders, " Australian Defense Standards |.ab, 1-5333, (January 1973),
AD 912 280

The influence of variation in eylinder seometry on the fragmentation
and mode of fracture of internallv-detonated steel cvlinders made from
an annealed medium-carbon steel has been investigated, The two
principal geometric parameters chosen for study were wall thickness
and C/ M ratio (the ratio of the weight of high explosive filling to that

of the cylinder material), For cylinders of constant C/\ ratio but
varying wall thickness, a scaling relalionship was found 1o apply, the
fragmentation varying in proportion to the original cvlinder weight,

In evlinders of increasing C/ M ratio, where the wall thickness was
kept constant, a continuous increase in the fineness of fragmentation
was observed and this could be characterized by a simple mathemnatical
expression, The variation in fragmentation possible between geometri-
cally similar cylinders made from two steels to the same commercial
compositional specification, but with carbon contents near the extremes
of the specified range, was also investigated, It was found that with
the geometrics used, large differences in fragmentation could occur
due to the effect of carbon on microstructure,
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D, EXPLOSIVE FORMING CGF SLUGS

I-D-1, Haves, G.A, and T. L. Herhing, "Gptical Metallography of Linear -Shapec-
Charge Fragments,' Naval Weupons Center, TP-4839, (July 1970),
AD 878 080

This report presents a metallographic methed by which one may recon-
struct the lincar-shaped-charge collapzc process, From the micro-
structure of recovered elements of collapsed charge liners much can
be learned about the deformation processes that have occurred, The
microstructures of some typieal hinear-shaped-charge fragments are
illustra*ed, and some of the more interesting details and their impli-
cations are discussed, :

1-D-2. Moss, G. L., and 8. Toms, R, Vitali, and A, Merendino, "LEffect of Target
Microstructure on Penetration bv Shape Charce Jets, hallistic Research
f.aboratories, MR-1732, (April 1966), AD 487 842

Penetration by shaped charge jets into 4140 steel, steel armor and
white cast iron has been mmvestigated to determine the magnitude of
the effects of target microstructure on penetration, Results prove
that target mucrostructures is a significant variable in the penetration
process and that differences due to microstructure can be distinguished
after onlv 50 microuseconds of penetration, Differences due to micro-
structure accumulate during penetration such that total penetrations
may differ markedlv, A 237% diffecrence was observed in this work,
Strain mechanism and crack mitiation were different for various
microconstituents and are accordingly assumed different for scach tar-
get, The symmetry or the strain and cavity produced i1n the 4140 steel
depends on the rolling direction,

I-D-3, Whitson, J.C., R.A. Plausun, and C.D, l.ind, "Characterization of l.inear
Shaped Charge (LLSC) Fjecta, ' Trans th NWC Warhead Research & Develop-
ment Svmposium, Naval Weapons Center, T P-4835, Vol, 2, p. 507,
{October 14-16, 1969), AD 307 165L (Confidential - Paper unclassified)

A study has been conducted of the formation and behavior of the ejecta
from a representative single-vane linear shaped charve, Flash radio-
graphs of ejecta have revealed information concerning ejecta dynamic
behavior before target impact. A simple hypothesis of ejecta formation
hased on examination of metallographs of recovered ejecta samples 1s
proposed,
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1L, METALWORKING

A BLANMKING/ PUNCIING

1-A-1, Campbell, J.D.; J. Harding and A\, R. Dowling, "Dynamic Punching of
Metals, " Inst Metals 98:215-24, (July 1970)

Earlier investigations into the response of metals to high-velocity
punching are briefly reviewed. A short description is given of an
apparatus for measuring loads und displacements during the dynamic
punching of metals, Punch load/displicements curves are presented
for a sclection of metals having a representative range of mechani-
cal properties, at punching speeds between 5x1079 and 900 1ps

(1.3 x 1076 and 23 m/sec). From such curves the effect of loading
rate on the encrgy required for punching is determiined,  Estimates
are made of the width of the sheared zone at different punching
speeds,

11-A-2, Johnson, W., and I, W, Travis, "High Speed Blanking of Steel, "
Engineering Plasticity Proceedings, edited by J. llryman and F. A,
Leckic, (1968)

Experiments are descrived in which 1-1/2-inch-wide strips of
1/8-1nch-thick black mild steel sheet were blanked with flat-ended
cylindrical punches of 3/8-1nch diameter fired from an industrial
stud-driver, The effects of (1) radial clearance between the punch
and the die and (b) the mass of the punch upon the kinetic energy
required to be tniparted to the punch for successful blanking are
investigated and comparison is drawn with specimens blanked quasi-
statically using a universal testing machine. Results are also
presented of the penetration of the punch versus kinetic energy of
the punch for unblanked specimens and of the mass and polar thick-
ness of the blank versus kinetic energy of the punch for blanked
specimens,

-A-3. Stock, T.A.C., and A. L. Wingrove, "The Lnergy Required for High-
Speed Shearing of Steel,' Journal of Mechanical Engineering Sci 13:110,
{No. 2, 1971)

Some results are presented relating to the effects of shearing
velocity on the energy required for the shearing of both high- and
low-carbon steels, Analyses of these results suggest an explanation
of some of the apparently contradictory findings of other workers.
The results obtained may be explained 1n terms of the relative
imbalance between plastic softening due to adiabatic heating and
increase in flow stress due to stain and strain rate,

B. COLD ROLLING

l-B-1. Couling, S. L., J. F. Pashak and L. Sturkey, "Unique Deformation and
Aging Characteristics of Cer‘ain Magnesium-Base Alloys," ASM Trans
51:94, (1959)

Certain magnesium alloys exhibit unlimited cold-rollability. A
plot of percent rolling reduction versus tensile yield strength for
these alloys shows the yi1:ld strength to reach a maximum at about
15% reduction and to dec.ease progressively from this point on with

Preceding page blank
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11, METALWORKING (cont. )

increasing reductirns, Aging the cold-rolled material at a low
temperature raises the yleld strength; the greater the rolling
reduction, the higher the yield strength on subscquent aging, The
deformation mechanism operative 1n these lloys which accouants for
their unusual property variations 1s describued and the nrobable aging
mechanism discussed.

C. CUTTING/MACHINING

11-C-1, Black, 1. T., "On the Fundamental Mcechanism of Large Strain Plastic
Deformation, ' ASME Trans, Paper 70-WA/Prod~11, (1470)

The process of large strain plastic deformation, such as commonly
found 10 the macihuning process, has been nvestigated by trans-
mission and scanping clectron microscopy tectinyues,  lhe
lamella-shear front natute of deformation 1 copper and aluminum
chips has been eluc:dated fully, and the vecurrence of lamallae has
been correlated with crystallographic and metal cutting parameters,

In-C-2. Black, J.7T., "Shear Frer.-l.amella Structure in Large Strain Plastic
Deformation P’rocesses,” ASME Trans, Paper 71-’rod-1, (1971)

The examination of the surface mourphology of copper, aluminuin,

and steel chips produced by standard shop machining processes
through the use of sranning clectron microscopy has led to a more
fundumental understanding of largs straiwn plastic deformation
processes,  The interpretation of these indings 15 discussed in
terms of well-documep®~d dislocation mechanisms typically associ=
ated with tensile and cu.apression deformation of metal crystals,

The effect that such winvestigations will have on the true understanding
of the mechanisms involved in plast.c deformatiun processes 1y noted,

-C-3. Lemair, J. C,, "Adiabatic lnstaﬁxlit)‘ in the Orthogonal Cutting of
Steel,’ MS Thesis, MIT, (May t471)

Iiscontinuous chitps of Fe-18, 3N, 320 tempered martensitic steel
were formed by orthogonal cutting at speeds from 0,073 ft/sec to
333 fi/zec for several depths of cut using tools with rake angles of
1, 5, 10, 13, and 20 degrees, Martensite 1s observed to revert to
austenite 1n a thin band aloung the sheared edges of the chips for
speeds greater than 7. 30 1n/mun and rake angles less than 15
degrees. The existence of austenite is tuken as an indication that
the temperature of these bands 1s 1n excess of 426°C. It 1s found
that only those cutting conditions which create shear~zone temper-
atures between 100 and 200-C facilitate the formation of austenite,
Tensile tests conducted i1n the range of temperatures from 23 to
314 C reveal austenite on the fracture surface only at temperatures
below 200°C. It 15 suggested that an adiabatic instability and subse-
quent release of ¢lastic energy from the machine account for the
presence of austemte bands,
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11-C-4. Lemaire, J. (., and W. A, Buckofen, "Adiabatic [nstability in the
Orthogonal Cutting of Steel, "' Metallurgical Trans 3:477-481, (1972)

The reversion of Fe-18. 3N1-. 52C tempered martensitic steel to
austenite under shear was used to study the formation of discon-
tinuous chips by orthopunal cutting. tor certain combinations of
cutting spced, depth of cut, and tool rake angle, chips with bands
of reverted austenite along their sheared edges were formed.
Tensile tests on the same material exhibited transformed austenite
on the specimen fracture surfaces for tests conducted below 200 C.
Metal cutting theory predicts that continuous plastic deformation
during chip formation cannot heat the material to its reversion
temperature, Analysis of the machine-sample interaction before
chup separation shows that adiabatic instability can occur, resulting
1n localized shearing and a temperature rise to at least Ag. " Only
those chips which are heated during continuous deformation to
temperatures between 100 and 200-C undergo adiabatic i1nstability
and reversion.

1-C-5. Pomey, J. "lFundamental Mechanisms 1n Metal Cutting," Rev.
Francaise de Mecamgque, p. 73-100, (No. 18-19, 1966)

From a review of avatlable information on ptasticity, on chip
formation, and on {riction due to sliding between chip and tool, it
is concluded that lack in present knowledge of these phenomena
makes additional studies mandatory., Three directions of scientific
investigations in these areas are indicated, and suggestions are
made regarding various techniques by means of which phenomena
of chip formation and slipping between chip and tool can be dissoci=
ated in cutting tests,

11-C-6. Pomey, J., "Fundamental Mechanisms of Metal Cutting,' Proc.
Seminar on Metal Cutting (O. C.D. E. ), Paris, p. 29-78, (1966)

Metal cutting is considered on the basis of the distinct, but inter-
related, mechanisms of (a) plasticity in relation to chip formation
and (b} friction between chip and tool. Slip, stress, shear, force,
time, tempesrature, diffusion, wear and tool-life effects involved
are mathematically and otherwise considered. Cutting, friction,
and wear testing, and attack-angle, cutting-rate, and metallurgical
factors are reviewed, Research approaches are suggested.

I-c-1. Pomey, J. "Remarks on Plastic Chip Formation (During Machining),"
Proc, Seminar on Metal Cutting (O. C. D, E. ), Paris, p. 39-110, (1966)

Theoretical and practical aspects of plastic chip formation are
considered in the light of a principal mechanism inwvolving slip in

an average direction, as a function of the directiun of travel of the
tool cutting edge in relation to the work-piece, Specific refersnce
is made, on the basis of metallographic observations by Svahn, to
pseudo-periodic development, within the chip. of strained regions
related with surface waves upon it. Special ‘orsion tests and high-
speed-cinematography studies in this respe.t are mentioned. In
discussion G. C. Cao critically considers ftae parallel-slip and other
concepts in the light of his and other chig-formation models,
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L-C-4. Pomey, J. "Kemarks on Plastic Flow of Chips in Metal Cutting, "
Rev, Prancaise de Mecanique, p. 101-4, (Mo, 16-14, 1966)

A photograph and drawing reproduced {rom (), Svann's microphoto-
graph show pscudoperiodic development of niore or less strained
cones in the clup, which are closely connccted with surfuce waves,
This phenomenon ts clearly expl-uned by distribution instability
which may occur 1y adiabatic plasticity,  Hesults indicates necd
for special torsion tests of metal and of cuttiug tests with hgh-
speed photography,

L-C-y, Recht, R. F., "Catastrophic Thermoplastic Shear,* .Journal ol Applied
Mechanics 31:189, (No, 2, 1964)

Dynamuc plastic behavior of maternials 1s influenced by internally
generated temperature pradients.  ‘These gradients are a function
of thernophy sical properties as well as struin rate and shear
strength,  Criteria are presented for the prediction of catastrophuc
shear 1n materials, fatastrophic shear occurs when the local rate
of change of temperaware has a negative effect on strength which 1s
equal to or greater than the positive effect of strain-hardeniug,
Catastrophie slip 18 aninfluential deformation mechanism daring
high-speed machiming und ballistic impact.  Structural failure may
occur during dynanuic loading of components, which are designed
without regard to the specific sensitivity of certain materials to
catastrophic shear,

1-C~-10. Svahn, 0., "Plasticity in Cutting," Proc. Seminar on Metal Cutting,
O0.C.D. E,, p. 79-94, (1966)

The 1mportance of plastic deformation tn relation to friction,
temperature, cutting forces, machinability, tool life, surface

fimish, and other factors in metal cutting is emphasized. A
covperative research program comprising formulation of true
stress/strain diagrams, recording of cutting force, and metallo=
graphiic observations is outlined, and results obtained are illustrated.
Chip formaiion, strawn-hardening effects, necking-type instability,
chemiical interactions, adhesion, and definition of machinability are
among the aspects raised in discussion.

1-c-11, Von Turkovich, B, F., "Mechanies of Cutting," Proc 1st Intl Cemented
Carbide Conf, SME Tech Paper MIt71-903, (1971)

Plastic deformation and fracture, normally confined to a volume of
metal ahead of the tool, are strongly affected by tae conversion of
mechanical work into heat, The modern theory i based upon the
micromechanics of crystalline defects interactions and the thermo-
dynamic state of material. The cutting process appears as a
stationary sequence of adiabatic slips, with the {requency governed
by the thermal conductivity and the initial temperature of the work
material. The details of the process are presented in the light of
dislocation theory, and the results are correlated with continuum
mechanics for technological purposes., The main conclusion is the
generalization of comiputations leading to rapid and reliable estimates
of cutting forces, temperature, and surface finish,
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i1-D-1,

11-D-3.

I, METALWOKKING (cont. )

Von Turkovich, B. F., and M. E. Merchant, "On a Class of Thermo-
Mechanical Processes during Rupid Plastic Deformation (with Special
Reference to Metal Cutting),” Annals of C, L R. P2, 21:15-18, (No. 1,
1972)

The phenomenon of conversion of niechanical work into heating
during plastic deformation and the resulting effect of heat pro~
duction on the mechanical properties of the detorming material

is considered, Ir particular, a peculiar process called "adiabatic
shear deformation” 1s illustrated; this process is frequently thought
to be responsible for the narrow deformation zones in many rapid
metal working operations. A\ simplhified analysis of the deformation
process taking place 1n these narrow shear zones is presented.

Wright, P.K., "Metallurgical Effects at High Strain Kates in the
Secondary Shear Zone of the Machining Operation, ™ N.etallurgical
Effects at ligh Strain Rates, edited by R, W, Rohde, oub. by P’lenum

Press, p. 547-558, (1973)

The paper analyses the strain rates and conditions of deformation
that occur during semi-orthogonal metal machining. Emphasis is
placed upon the area termed the secondary shear zone or flow zone,
It is demonstrated that, when machining at high rates of metal
removal, conditions of "seizure™ occur at the chip-tool interface
to cause a high strain rate deformmation within the chip flow zone.
These processes promote considerable adiabatic heat genera'ion
with consequent metallurgical changes in the chip structure ana a
reduction in the stress acting along the interface.

Buffet, J., and B. Jaoul, "Actual Deformation During Extrusion,"
Rev. de Metallurgie (Memoirs) 57:827-833, (September 1960). In

French

Dower, R.J., "The High-Speed Extrusion of Some Common Metais,"
National Engineering Laboratory, K-188, (June 1965)

Aluminum, copper, alpha-brass and En2E mild steel have all been
successfully extruded using impact speeds of up to 36-1/2 ft/ sec.
Studies of the mechanical properties and 1microstructures of rods
extruded at high speed show that the temperature rise due to the
adiabatic nature of the process has a considerable effect, complete
recrystallization occurring in aluminum and copper at extrusion
ratios greater than 6:1 and in alpha-brass at extrusion ratios greater
than 23:1, at impact speeds of 36-1/2 ft/sec. No greater "form-
ability" was observed, and attempts to extrude HD44 aluminum-
magnesium~silicen alloy and DTD363A aluminum=-zinc-magnesium
alloy at high extrusion ratios resulted in complete disintegration of
the product.

Herenguel, J. and P. Lelong, "A Metallurgical Mechanism Particular
to Extrusion; Hyperwelding, " Rev. de Metallurgie 55:1057-1064, (July
1958). In French
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LI-D-4. ltirst, S. and D. H. Ursell, "Some Limiting Factors in Extrusion,”
Metal Treatment and Drop Forging 25:4049~414, (October 1958)

Certaln alloys with high strength at their working temperatures
pose difficult problems in extrusion. ln unlubricated extrusion,

the conditiuns involved often cause severe restrictions on extrusion
ratio and =peed, and, to widen the field over whech the process is
pussible, lubrication techniques have been evolved, Limitations on
extrusion ratio imposed by the dimensions and preieat temperature
of the billet for any given press vupacity may be expressed in the
forn: of a family of curves on a graph of extrusion ratio against
preheat temperature.  kxtrusion ratio is also restricted by unaccept-
able temperature rise due to heat input, and this limitation may be
expressad in another family of curves on the same graph, thus
defining an enclosed arca in which extrusion 1s possible for any
given conditions., This basic graph s extended to cover different
press capacities, ram speeds, and coefficients of friction; it i«
shown that it-may also be used to predict u phase transformation
temperature being reached during extrusion. The relative potenti=
alities of lubricated and unlubricated extrusion are compared.

1I-D-5. Kiszka, J.C., and E, li. Kottcamp Jr,, "High Strain Rate Forming by
Pneumatic-Mechanical kquipment = PPhase [ Extrusion of 1100-0
Alurfiiium, " ¥Fran®ford Arsenal, K=1745, (December 1964)

1i-D-6. Lawson, G, A., "Mechanieal Properties of Cold-Extruded Aluminum
Rods, " National Engineering L.boratory, R-51, (September 1962)

I-p-17. Osina, V., "Forming of Metals at ligh Rates and Energies, " Metal
Treatment, 33:193-204, (May 1966)

This article is concerned with changes in the microstructure of
steel during bulk deformation and at high velocities of the tool.
During experimental research in Czechoslovakia on forward extru-
sion at rates of the order of 100 m/sec, it has been found that an
unfavorable effect on the strength of the components 1s produced.
In the structure, bands appear which the author classifies as a
martensitic structure, lie attributes their formation to the action
of heterogeneous slips. A theory explaining the mechanism of the
stated structural changes is elucidated,

11-D-8. Pomey, J., "On a I’henomenon of Adiabatic Plasticity," Annals of the
C. LR P., 13:93-109, (March 1965)

If we consider a homogeneous spatial distribution of all the physical

and mechanical parameters in a solid body in the course of a plastic

and adiabatic deformation by simple one-direction slipping, this dis-

tribution becomes unstable and a layer appears in which easy slips

occur at high temperature through crcep. This layer separates the

solid body into two fields which may be submitted to two different

systems of stresses, for example, elastic on one side znd plastic

on the other, The physical characteristics of the material which !
is the most important to consider is 37/36 which varies in a similar
manner to 34/30. This phenomenor can be studied by experiments
on shearing by extrusion in simple test pieces, In seizure by dry
slip friction between two solid:, this phenomenon explains the
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transfer of metal. In metal cutting it explains the process of the
formation if a built-up edge; the reason for the existence of an
economical rate for cutting and the speed limit at which the tool
becomes blunted. It also takes place in extrusion, in hot stamping,
in cold heading, in punching, etc.

Pomey, J., A, Royez, P. Mathon, and M, Mouflard, "Etude sur le
filage a froid des aciers,"” C.1. R. P. Annalen, 9:185-193, (1963)

This paper deals with the cold extrusion of steels, specifically
extrusion of soft steel and iron billets. The use of lubricants and
pretreatment of billets to facilitate ease of extrusion are investi-
gated. Results indicate that soft iron billets can be extruded more
easily if nitrided, but steel billets may not be so processed [or
fear of cracking during extrusion, Extrusion pressure, lubricants
and strain endurance are considered.

Pugh, It. L.D,, M. T. Watkins, and G. S, Lawson, "Cold Extrusicn of
Aluminum and Aluminum Alloys," Metal Treatment and Drop Forging
31:82, (March 1964)

Singer, A.R. E., and J. W, Coakham, " Factors Affecting Temperature
During the Extrusion of Non-Ferrous Metals," Metallurgia 60:239,
(1959)

During the process of extruding a metal through a die, the heat
content of the billet may be increased by such factors as friction

at the metal container interface, severe plastic deformation in the
die zone, and die friction. A certain amount of this heat generation
is offset by loss of heat from the billet by conduction, In this paper,
the authors consider the heat balince during extrusion under a
range of conditions, and examine the progress made in controlling
the temperature variations arising.

Svahn, E., and P. Boije, "Investigation Concerning the Semi-Cold
Working of Material," Annals of the C. L. R. I>,, 13:417-424, (1966)

Wallace. J, F., "Adiabatic Deformation in Impact Extrusion, " Journal
of the Institute of Metals 90:38-41, (1961-1962)

Except for a small fraction retained by micro- and macro-residual
strains, the work done in the plastic deformation of metals is con-
verted into heat. At very high strain rates adiabatic conditions will
be attained in individual elements of material as they are deformed,
and the effect of the heat of deformation on the flow and forces
required should be immediate and continuous rather than cumulative,
Most materials exhibit a reduction in flow stress with increase of
temperature; so, with adiabatic deformation, the work done to pro-
duce the deforma..n, and hence the deforming forces, should be less
than in isothermal deformation. High strain rates have been obtained
by extruding lead and alumiium under the impact of a drop hammer,
and experimental measurer ent of the heat content of the extrusion
suggests that the entire prc ess is substantially adiabatic. Evidence
that the basic deformation | ressure under these conditions is less
than at low speeds is given v'v experiments after the total extrusion
pressures are corrected for the inertia forces, It is suggested that
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I, METALWORKING (cont. )

this reduction of extrusion pressute may be obtained with extrusion
7elocities at which the incrtia component of the loud vould be
negligible and that difficult extrusion may be more easiy performed
with repeuated small impacts,

Backofen, Walter A., Deformation Processing, pub, by Addison-
Wesley, 326p., (1972)

Boulger, F.W., "High-Velocity Forming," Defense Metals Information
Center, R-226, p. 13, (1966), AD 488 644

Elfmark, Jiri, "Effect of Deformation Rate on Hot Formability of
Steels, ' lutnicke Listy 27:626-630, (September 1972). In Czech

A review, conceraing the effect of thie deformation rate on the hot
formability of steels is presented, and additivnal information, 1n
the forrm of experuneatal results, 1s given, On the basis of known
results, an equation expression the therniodynamics of the defor-
mation of & torsion test specimen was computed, The equation
was valid for a number of vanouslyal‘ox ed steels subjected to
deformation at rates of between 10”3 and 10/ sec,

Farlik, A, and V. L. Osina, "High Energy Rate in the Forming of
Metals,” buletinul Institutulur Politechnic 8:341, (1962)

Gerds, A. F., "Adiabatic Conditions in Deformation Processing, "
Defense Metals Information Center, K-243, Vol. 3, p. 117, (1967)

Rinehart, J.S., and J. Pearson, Explosive Working of Metals, pub, by
Pergamon Press, 331p., (1963)

Truelock, D.W., J. K. Russell, and C. M. Phelon, "High-Velocity
Forging," Air Force Materials Lab, TR-68-374, (December 1968)
AD 858 513

This is a manufacturing metaods program to investigate the dynamic
response of selected aerospace alloys deformed by upset forging
from roora temperature to 1930° I at impact strain rates from
quasi-static {100 in/in/sec. ) to 8000 in/in/sec.

Wistreich, J.B., "Fundamentals of Wire Drawing, " Metallurgical
Reviews 3:97, (Mo, 10, 1938)
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HI-A-1, Andrew, J. 1. ; H. Lee, and L. Bourne, "Effect of lhgh-Speed
Deformation on Steel,"” [ron & Steel Institute Journal 165:37, (1950)

! A, DEFORMATION HARDENING/SOFTENING
The effect of rapid deformation on steel by means of a dynamic load
impact has been investigated und the results confirm those of pre-

' vious workers, via., that the deformation 1s extremely localized

* giving rise to the formatiorn of a white band. N-ray examination
shows this band to contain ausicnite and martensite,
1I-A-2, Conrad, Il., "Thermally \ctivated Deformation of Metals," Journal
of Metals 16:582-588, (1964)

The dynamic nature of the plastic deformation of metals and its
relation to specific thermally activated dislocation mechanisms
are discussed. Experimental technigues for evaluating the defor-
mation parameters needed to identify the rate-controlling dis-
; location mechanism are described., The mechzriems that appear
/ to be controlling 1n various temperature ranges arce listed, Such
fundamental lattice properties as the force-distant curve for a
thermally activated process, the energy of a dislocation kink or
of a jog, the stacking fault energy, and the activation energy for
self diffusion are 1ndicated to be derivable from macroscopie

mechanical property data.

1I-A-3, Culver, R.S., "Adiabatic lleating Eflects in Dynamic Deformation, "
Proceedings 3rd lnternational Conference of the Center for High Energy

/ Formuing, p. 4.3.1, (1971)

' A thermal inst -bhility strain, based snlely on thermal and mechani-
! ’ cal properties, i~ bvpothesized for th< case of uniiorm, adiabatic,
' plastic. A mathe.~otial model has heen presented to predict the
/ degree of adiabaticii} : u.sting in the deforming region. Torsional
impact experiments wese carried out on mild steel, 6061-15
I i aluminum, and commercially pure titanium to investigate the
H { existence of the thermal instability strain. The titamwum, which
J has a low theoretical thermal instability strain, underwent strain
o localization at approximately the predicted value, while the other
two materials failed at strains well below their respective instability
strains but somewhat above the static fracture strains.

111-A-4, Culver, R.S., "Thermal lnstability Strain in Dynamic Plastic
Deformation, " Metallurgical Effects at lligh Strain Rates, edited by
R. W. Rohde, pub. by Plenum Press, p. 5i9-530, (1973)

From the results presented, it can be tentatively concluded that the
theoretical prediction of the instability strain is valid for materials
with a low instability strain, i.e., 1n those cases where the insta-
bility strain is approximately equal to the conventional fracture
strain. For those materials for which the thermal instability strain
is well above the static fracture strain, the maximum in the torque
curve does not cause catastrophic failure but rather the initiation of
a diffuse neck. Further tests on other materials with high and low
values for shear strain will be made to clarify these points, %
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11-A-5, Dieter, G. E., '"Hardening Effect I’roduced with Shock Waves, "
Strengthening M. chanisms in Solids, pub., by American Society
for Metals, p. 279-340, (1960)

1lI-A-6, Fell, E. W., "Strain in Steel," Carnegic Scholarship Memoirs
16:101-129, (1927)

Experimental work was undertaken to investigate the detection and
the nature of permanent strain in steels which would be of valuc

to practical metallurgists and enpineers.  Since permanent strain
occurs before almost all tailu es in service, o knowledge of the
mechanmsm of strain may well lead to the prevention of some failures,

H-A-7. Glass, C, M, ; G, L. Moss and S. K. Golaski, Response of Metals to
High Velocity Deformation, pub, by Interscience, p. 113, (1961)

Experiments were conducted on the high-velocity deformation of
single-crystal and polyvervstalline metals, using cxplosive systems
to produce the loading on the metals. The results from these experi-
ments indicate the metal properues influence the deformation, even
at pressures of 300 Kbar. In single-crystal studies, framing
camera records show that interrally loaded aluminum cylinders
begin to deform nonunformly during the tirst reflection of the
compressive wave trom the frece surface, and the pressures cal-
culated 1n these experiments are approsimately 20 hbar at the free
surface, and 250 Kbar at the mcetal-explosive interiace, Copper
single=crystal studies show that the deformation takes place along
conventional systems und that the detformation structures observed
may be accounted for after the passage of the first compressive
wave. In addition, twin-like structures formed are analyzed, using
x-ray techniques, as being kink bands, within which no reasonable
deformation is observed.  Several iiteresting structural changes

in steel produced by intense pressures nre discussed  Microscopic
<tudies of fracturc surfaces indicate that the fractures begin at
tnclusions, and the propagation of the fracture surface 1s a function
of the number and types of inclusigas., indications are that fracture
shoulld be considered a fuactior vl impulse, rather than pressure by
itself,

e HLI-A-R, Price, R.J., and A, Kelly, "Deformation of Age-llardened Alloy
Crystals. I = Fracture,” Acta Metallurgica 12:979, (1964)

Single crystals of Al Cu, Al Ag, and Al Zn, aged to contain GP
zones, fracture by shear ona {111} planc in a <110> direction
followed by crack propagation. ‘There are three stages in tne
fracture, First, coarse slip bands appear at a constant resolved
shear stress which depends on temperature for a given material,
Secondly, a large shear occurs on one of these and lastly a crack
forms at the foot of the shear step produced. The first two stages
also appear in compression. The coarse slip bands which initiate
fracture appear to be produced at such a shear stress that the
stress for their appearance minus the critical resolved shear stress
is roughly constant in a given temperature although slightly affected
by alloy contert. It is concluded that the appearance of the coarse
slip bands is a property primarily of the work-hardened matrix and
not of the precigitates, and that they appear when some barrier

formed during work hardening is broken down, -
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11-Aa-9, Rinehart, J. S., and J. Pearson, Behavior of Metals Under lmpulsive
l.oads, pub by American Society for Metals, 236p,, (1954)

111-A-10. Shankhla, V. S,, and R. I, Scratton, " IFree PPlastic Compression of
Pure Metals, " Journal of A\pplied Mechanics 36:1121, (No. 4, 1970)

The dynamic compression of a billet by the impact of a falling
weight is wnalyzed with reference to the general plastic properties
of pure metals, Theorctical results are compared with tre results
of published experimertal data for pure lead. It 18 shown that, for
lead, the form of the stress-strain curve is little influenced by
changes n strain rate during deformation, The strain-hardening
coefficient 15 however found to be strongly influenced by the temper-
ature changes associated with the adiabatic deformation. The
position of the maximum in the stress-strain curve 1s sensitive to
the value of the initial strain rate.  \ method is suggested whereby
isothermal stress-strain relationships may be exteaded to include
the effects of adiabatic thermal softening,

IU-A-11. Sulijoadikusumo, A.U., and O. W. Dillon Jr., "“Work Softening of
Ti-6Al-4V due to Adiabatic lieating, " Metallurgical Effects at ligh
Strain Rates, edited by R. W, Rohde, pub. by Plenum Press,
p. 501-518, (1973)

Many investigators hiave shown that, at high strain rates at elevated
temperature (1300-1900°F) and for large deformations, Ti-alloys
exhibit considerable work softening. The mechanism of such metal
softening is different from th. one encountered in processes at
lower strain rates (creep). ln the high-temperature range, Ti-6Al~
4V 1s known to be both temperature- and strain-rate sensitive; i, e.,
an increase in strain-rate will increase the flow stress, and an
increase in temperature significantly decreases the flow stress,
Therefore, thermal changes strongly influence the metal behavior
during the deformation. When metal is undergoing large plastic
deformation, approximately 95% of the plastic work is converted
into heat almost instantaneously (less than 1 msec). Thnis rapid
dissipation of large amounts of eneryy causes temperature rises

in the material. Such a heatirg would cause the metal softening
during the process relative to what would b observed in isothermal
deformations. '

B, CRYOGENIC DEFORMATION

Hi-B-1, Basinski, Z.S., "The Instability of Plastic Flow of Metals at Very Low
Temperatures, ' Royal Society Proceedings 240A:229, (1957)

The low-temperature unstable plastic deformation of aluminum
alloys is described. 1t is shown that discontinuities in the stress-
strain curve are caused by a localized temperatare rise produced
during the deformation. The calculated magnitudes of the drops

in load and the transition temperature between smooth and discon-
tinuities flow agree reasonably well with the experimental observa-
tions. 1t is believed that all metals should exhib‘t unstable defor-
mation at sufficiently low temperatures. '
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1i-15-2. Basinskl, Z.8., "The Instability of Plastic Flow of Metals at Very Low
Temperatures, " Australian Journal of Physics 13:354, (1060)

Evidence 15 presented to shiow that the load drops observed in most
metzls at very low temperatures arise from thermal instability
rather than mechanical instability of the iattice, Measurements of
the temperature rise are deseribed.

111-13-3. Chin, G.Y.; W, ¥, Hostord Jr, and W. A, Buckofen, "Ductile Fracture
of Aluminum, " AIME Trans 230:437, (1964)

‘The ductile fracturing process was studied 1n single-cryvstal and
polycrystulline aluminum deformed in tension over a temperature
range from 295 to 4,2 K. A\ temperatures us low as 77 K, the
fracture of "inclusion-tree” material, mcluding zone-refined
alununur,, was by rupture (~100% RA). At 4.2 K, fracture was
brought on by adiabatic shear. Metallographie examination did not
disclose any vouds or slip-band micrucracks, thus negating for
inherently ductile metals any mechamsm of void nucleation by
vacancy condensation or of cracking due to dislocation pile-ups.

- ln high=purity aluminum not treated to be inclus:on-free, fracture
at temperatures as low as 45 K was of the double-cup type and a
result of void formation, The reduction-of-urea decreased as
temperature was lowered, corresponding to the carlier appearance
of voids,  Such behavior was rationalized in terms of a larger
Increase, with decreasing temperature, 1n the flow stress relaive
to thes strength of the inclision-matrix interface.  Evidence for cowe
temperature adiabatic shear was fround in discontinuous fNow at
4. 2-K, 1 the transition to a localized shear fracture at low temper-=
atures, and 1n the suppression of shear fracture with an elastically
hard pulling device., A simple analyvsis for the initiation of adiabatie
shear permatted a general correlation of the various contributing
factors., 1t has been pouinted out that the duration of shear depends
upon effective mass and elastic stiffness of the deformation system,

l-13-4, Hosford, MW. I.; R L. Fleischer and W, A, Backofen, "Tensile Defor-
mation of \luminum Single Crystals at l.ow Temperature,' Acta
Metallurgica 8:187, (1960)

Tension tests on aluminum single crystals of approximately (001),
. (111), (112) and (123) axial vrientations were macde at 4.2, 77, 200,

e ) and 273 K. 1t was a general observation that the hardening rate

passed through a maximum and then decreased continuously with
increasing stress, the decrease being less rapid at the lower
temperatures. There were no findings, under any circumstance,
of a constant stage Il slope in the stress-strain curves., At 273°K,
after imtially rapid hardening, (001) crystals deformed primarily
by operation of two slip systems with conjugate relationship;
multiple necks were formed but the accompanying kattice rotation
prevented failure by necking until large strains. At lower temper-
atures, all four stressed slip directions were active i1n the (001)
crystals, and hardening continued to higher stresses, With the
four directions, two perpendicular sets of l.Lomer-Cottrell barriers
could form, as contrasted to one set at 273 K, thus producing
greater hardening. Shp markings ut the lower temperatures tended
to follow (110) traces, but this may be explained by a fine mixture
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of cross slip on two (111) planes, necessary to avold the barriers.
In (I11) crystals, approximately equal operation of the three favored
directions ut all temperatures prevented lattice rotation and main-
tained a high hardening rate.

C. DUCTILITY

-C-1.

iu-c-2.

u-c-3,
m-C-4.

Banks, E. E., "The Ductility of Metals under Explosive Loading
Conditions, " Institute of Metals Journal 96:375, (1968)

The ductility behavior of two steels and two alumipum=-base alloys
has been investigated at high strain rates (4.5 x 103 t0 3.5 x
104/sec). Specimens were in the form of cylinders, und the high-
rate loading was obtained by the detonation of internal explosive
charges. Under these conditions, the strain at fracture is a function
of expansion velocity, and this strain may be either greater or less
than the tensile value. Tlus behavior is examined in terms of the
rate-dependence of the stress/strain characteristics of the materials,
shock-induced temperature rises, and the increased compressive
stresses resulting from the non-equilibrium method of loading.

Dieter, G, E., "Introduction to Ductility," ASM Seminar on Ductility,
October 14-15, 1967, p. 1-30, pub. by American Society for Metals,
(1968)

The subject of ductility is approached by defining ductility ard by
discussing the methods of measuring this property and the diffi-
culties of arriving at a true assessment, The engineering stress-
strain curve and the true stress-true strain curve are analyzed,
and the procedures for plotting them are explained. Fracture
mechanics and the measurement of fracture toughness as an
approach to problems of ductility are examined. The effects of
grain si1ze and other features of the microstructure of metals and
of temperature and strain-rate are reviewed. Ductility data are

2 Pwen for Al-3,.2%Mg, 2024, 7075 and 2219 Al alloys and for several
steels, Cu alloys, Niand Nialloys.

Gensamer, M. "Strength and Ductility," ASM Trans 36:30, (1946)

Rogers, II.C., "Effects of Material Variable5 on Ductility," ASM
Seminar on Ductility, Oct 14-15, 1967, p. 31-61, pub. by American
Society for Metals, (1968)

Three sets of factors controlling ductility in commercial metals
and alloys are examined. One set comprises certain properties

of the pure metal. Another is made up of structural effects and
includes the possibility of void nucleation by dislocation interaction
alone, the effects of holes and particles and the embrittling effects
of a special distribution of the softer phase in a two-phase system.
The third set pertcins to the gross external geometry (size, shape,
stress state and surface condition) of the metal being deformed.
Differences in ductility and in the appearance of fracture under
different conditions are attributed to the factors that control the
generation of new slip surfaces. The most important factors are
those that influence the tendency of the pure metal to concentrate s

‘h
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D. PLASTICITY

IHi-v-1.

Ui-b-2,

i1-p-3.

Li-p-4,

ur-p-3.

L METALLURGLCAL STUDLES (cont, )

strain (such as dislocation behavior, stacking=fault energy, temper=
ature, adiabatic heating and the rate of strain hardening) and those
that promote the nucleation of new slip surfaces at many internal
sites, The density of 6063-16 Al alloy, drawn under differently
externally applied hydrostatic pressures as a function ol thickness,
15 shown i1n a set of curves,

Alekseev, N, and G, I°, Kulikov, "Plasticity L'nder Conditions of [.ocal
Heating, " Samoletstroente 1 Teknika Vozdushnogo Flota 26:80-86,
(1971). In Russian

A method is developed for the determination of plasticity under
conditions of local heating encountered in processing high-melting-
puint metals with pressing nulls, The dependence of plusticity on
the temperature gradient 15 used to define the parameters of tech-
nological processing when local heating is used, The temperature
gradient is determined by computing thermal processes durimg
welding. Computations are shown for both rnovable and fixed plates
of given thickness when using a fixed, constant=power source that
gives a normal-cnurve hicut distribution upon the plate,

Hitl, R, Mathemuatical Theorv of Pasticity, pub, by "fodl‘d Univ.,
Press, 354p., (1450)

Nadai, ., Plasticity; Mechanics of the I’lastic State of Matter, pub. by
McGraw=1lill, 349p., (1948)

Pomey, J., "On Phenomenon of Adiabatic Plasticity, " C. R, Acad. Sci.
258:4204-3, (April 27, 1964)

When a homogeneous mediuni 1s subjected to unidirectional parallel
plane sliding under adiabatic conditions, uniform separation of flow
can easily be «isturbed and a hugh-temperature strong sliding layer
is formed which separates the body into two domains, The Jefor-
mation behavior of domains can be different; this phenomenon
soverns most metal forming processes and, particularly, shock
forming of refractory metals.

Pomey, J., "Outline of Adiabatic Plasticity," Rev. I‘rancaise de
Mecanique, p. 5-20, (No. 12, 1964)

Spatial distribution of physical and mechanical parameters in a
solid body during plastic adiabatic deformation by simple one=
directional slips is investigated, At high temperatures, the
appearance of o slip tayer due to plastic flow is observed; this
boundary layer separated the body into two domains which may
be subjected to two different types of stresses, e. g., elastic on
one side and plastic on the other, The effect of this phenomenon
on the behavior of metals during various forming and machining
processes is studied theoretically and experimentally.
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Tavlor, G. L, and tl. Quinney, "latent Energy t{emawning in a Metal
after Cold Working, " Royal Soco ety London Proc 143:307-1426, (1434)

Measurements of the latent energy remaining 1in metal rods after
severe twisting are described.  Very muchk more cold work can be
done on a metal 1n torsion than in direct tension.  lt 1s found that,
as the total amount of cold work which has been done on a specimen
increases, the proport.on which 1s absorbed decreases.  Though
saturation was not fully reached even with twisted rods, curves
representing the experimental results for copper indicate that 1t
would have been reached ot a plastic strain very httle greater than
the strain at fracture. ‘The amount of cold work necessary to
saturate copper with latent encergy at 15°C 1s thus found to be
slightly greater than 14 calories per grami. By using conipresstion
instead of torsion, 1t was found possible to do much more cold work
on copper than this, and compression tests revealed the fact that
the compressive stress increases with increasing strain till the
total applied cold work was equivalent to 15 calories per gram. No
further rise 1n compressive stress occurred with further compression
even though the specimen was compressed till its height was only
1/53rd of its original  “The fact that the absorption of latent energy
and the increase i1n strength with tncreasing strain both cease when
the same amount of cold work has been applied suggests that the
strength of pure metals may depend only on the amount of cold work
which is latent 1n them

Backofen, W A., "Metallurgical Aspects of Ductile Fracture,"
Fracture of Engincering Materials, pub. by American Society
for Metals, p. 107-126, (1959)

Gruntfest, I.J.. "A Note on Thermal Feedback and the Fracture of
Solids, ' AIME Metallurgical Society Conference, Fracture of Solids,
Vol 20, p. 189, (1962)

Thermal effects accompanying the deformation and fracture of
solids.have often been noted, and they are sometimes conspicuous.
A preliminary account of some current analytical and experimental
studies of heating accompanying fracture is given. The analysis
leads to an unambiguous upper limit for the mechanical strength of
solids. 1n addition, time effects and size effects are introduced in
a novel and natural fashion, Furthermore, the ideas of the reie-
vance of thermal conductivity ard the temperature coefficients of
mechanical response to fracture phenomena generated in this
analysis could be useful in the rational development of new ana
stronger materials. The experiments suggest that even in some
of the usual "static" fracture experiments, thermal effects need
not be negligible. This new material in no way contradicts other
atomistic and phenomenological theories of the fracture process
pre:ented at this symposium. 1t is indeed altogether complementary
to them.

P - ~ma [
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l1-E-3.

HI-E-5.

HI-E-6,

Hi-E-7.

H1-E-8,

1L METALLU RGICAL STULDIES (cont. )

lewen, G., "Fracture Dynamacs,"” Fracturing of Metals, pub. by
American Suciety for Mctals, (1948); also in ASM Trans 40B:147-166,
(1v48)

Attemipts to clarify recent developments in the dynaniics of rapid
fracturing of ductile metals are presented by means of u discussion
of the results of some MNuvy research on ductile and brittle fracture
of ship-plate steels, \ brief mathematical derivation of the velocity
of brittle fracture 1s given,

AleClintock, 1. A., "On the Mechanies of Fracture from Inclysions,”
ASM Serunar on Ductility, Oct 13-15, 1967, p, 205-277, pub. by
American Society for Metals, (1908)

A mathematical treatment 1s presented of the process of fracture

due to 1inclusions considers <stress and strain around inclusions,

the growth and coalescence of holes tmitiated by inclusions, the
ternunation of ductile fruacture by localized shear and statistical
fluctuations in the inciusion spacing. It 1s found that fracture occurs
at half or less of the strawn predicted by the uniform growth and
coalescence of holes,  Prelimanary analysis indicates that thas
difference may be due in part to instabihities causing strain concen-
trations and statistical ¢ffects causing agglomerations at the potential
nucleus of the crack.

Nadal, A,, Theory of Vlow and Fracture of Solids, Vol. 1, pub., by
McGraw=-ilill, 572p., (1850)

Tegart, W..J., "Adiabatic Shear Fracture,' Elements of Machanical
Metallurgy, pub. by Macmullan Co., p. 217-219, (1967)

Zener, C., "Micro-Mechantsm of Fracture, " I‘racturing of Metals,
pub. by American Society for Mietals, p. 3-31, (1948)

Zener, C., and J. 1L, Hollom, "Plastic Flow and Rupture in Metals, "
ASM Trans 33:163, (1933)

In this paper many phenomena not previously understood are shown
to be explicuble in a qualitative manner by a single type of imper=
fection which may be quite precisely defined, namely by the concept
of microscopic cracks. These phenomena include the decrease in
the rate of strain hardening in torsion 4t large strains compared
with the struin hardening 1n tension, the elongation which accom-
panies large angles of twist, and the effect of a prior twist upon

the type of tensile fracture. A quantitative analysis, f{irst suggested
by Griffiths, is applied to these cracks, ‘lhis analysis attempts a
coryedation of the fracture stress with the size of these micro cracks
which are correlated with certain elements of the microstructure.

F, STRLUCTUKRE AND PLASE TRANSFORMATION

Hi-F-1,

Andrew, J. Il ; ll. Lee and D. V. Wilson, "An X-ray lnvestigation of
Structural Changes in Steel Due to Cold-Working, ' lron & Steel
Institute Journal 165:374, (1950)

X-ray examinations on high-carbon and alloy steels after cold-
working by compression have failed to reveal the presence of
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austenite in unfractured test-pieces. It is shown, however, thit
austenite may be formed on the surface of shear fractures, An
a-ray investigation of the influence of severe cold-working on
cementite 1n steel has been made, and evidence of large residual
strains tn such cementite, together with some tendency towards
preferred orientation, has been found.

lHI-*-2.,  Dborgese, S, F. and W.J, Pantaione, "\ Special Report on the Tempering
Behavior of Deformation lBands in 52100 Steel," SKI Industries Inc, ,
(May 1967). AD 816 394

The deformation bands which form 1n cyclically stressed rolling
bearings were tempered 1n the clectron microscope to establish

the carbon level 1n solid solution in these areas. In most of the
specimens no carbide precipitation occurred in these regions when
they were tempered at 550'C. In one specimen, tempered at 325 C,
many tiny carbide formed at the cell walls inside the deformation
bands. These observations are consistent with a theory proposed
for the growth of lenticular carbides which form at the boundaries
of the deformation bands In 32100 steel during cyclic stressing,
The deformation bands which are free of excess carbon are regilons
where lenticular carbides have grown and depleted the areas of
carbon while the jands which were supersaturated with carbon were
free of lenticular carbides, It 1s concluded that the lenticular car-
bides grow by utilizing the excess carbon in the deformation bands
and continue to grov until the level inside the deformation band has
reached the equilibrium concentration,

HI-F=-3, Bush, J.J.; W. L Grube and G. lI. Kobinson, "Microstructural and
Residual Stress Changes in llardened Steel Due to Rolling Contact, "
ASM Trans 54:390-412, (1961)

The changes in microstructure, hardness, and residual stresses
occurring in SAE 52100 steel as a result of roiling contact operation
are described. The reiationship of running time and contact load

to the extent and appearance of the microstructural alteration is
examined, and evidence is presented to show that a threshold stress.
exists, below which no gross structural alteration occurs, The
nature of the alteration, as revealed by electron metallography,
suggests a possible mechanism for the observed structural changes,
The effect of rolling contact on development of macroscopic residual
stresses in ball bearing races and in simple roller specimens is
discussed. Also included are data showing the alteration, by

rolling contact, of residual stress patterns introduced by prior
surface mechanical working. lhe possible correlation of these
stress changes with the microstructural alterations is investigated,

1I-F-4, Glenn, R.C. and W. C. Leslie, "The Nature of 'White Streaks' in
Imported Steel Armor Plate," Metallurgical Transactions 2:2943,
(1971)

Electron transmission and diffraction studies suggest that the
"white streaks" are due to austenite reversion and subsequent
transformation to untempered martensite with some retained

austenite also present.
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Grozin, B.D. and S. B. Nizhnik, "Phase and Structural Changes ir
Curbon Steel Under the-Impulsive Action of Elevated Temperature s
and Pressure, " Physics of Metals and Metallography 12:73, (14961)

A metnod is used which simulates the operation of machine com-
ponents in conditions of the short-time action ol elevated temper-
atures and pressures.  The method 1s based on the use of o pulsating
flow of compressed gases al high temperatures and mkes 1t possible
to create structural changes in the surfuce lavers of the steel. such
as actually take place n the machinng of machine components and

in the process of their operation, It has been found that the short-
time action of elevated temperatures and pressures causes the
formation ol specific quenching und super-rapid tempering structures
in the surface layer of the steel, ‘The phase composition of these
structures depends on the carbon content of the steel, whule the
depth of 1its distribution is deternuned by the tnitial heat treatment,

Kuznetsov, V.D.; K. V. Savitskiy and x. N. Sukharina, "Some leature s
of the Structure of the White lLavers,' Physics of Metals and Metallo-
graphy 15:335, (1963)

Surface layers and sectors of high hardness, which are called
"white'" or "unctchable" layers ure observed both when stect and
irons are under friction and when these materials are subject to
mechanical, chemico-thermal, electro-cerosion and other treat-
ments. The nature of the white layers 1= very far from having
been revealed. Without approaching the problem of analyzing
extsting hypotheses, we will only note that 1n most cases the layers
are regarded as the result of quenching under particular circum-
stances, When heated these luyers undergo tempering, preserving
rather higher hardness figures than those for normally yuenched
steel. The existence of different and at the same time contradictory
hypothieses shows that these white layers are very different in
structure, depending on the conditions under which they arose.

For instance, u number of authors have found that the unetchable
sectors are hard and undergo no essential changes in properties

if heated above critical point,

Manion, S, A., and T, A. C. Stock, "Adiabatic Shear 'sands in Steel,"
International .lournal of Fracture Mechanics 6:106-1.17, (1970)

Bands of intense shear have been reported in steels which have
been subjected to a high strain rate, It was proposed that these
bands were caused by unstable adiabatic shear; that the rate of
thermal softening (as heat is generated locally by plastic work)
is greater than the rate of work hardening of the metal, Thus
shear continues preferentially 1n these soft bands and, if the
deformation leads to fracture, then fracture usually occurs
within these bands. On metallographic examination the bands
appear white when etched in picral or nital, and have always
been assumed to consist of martensite, Work was undertaken
to check this assumption.
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11{-+-8. Martin, J. A.; S. F. Borgese and \.D. Ebernardt, "Microstructural
Alterations of Rolling-Bearing Steel Undergosng Cyclic Stressing, "
Journal of Basic Engineering 88:335-567%, (September 1966)

After prolonged eyclic stres=ing rolling contact, ALSI 32100 bearing
steel parts develop extensive region= of microstractural aiteration,
designated as white etching areas, These are oriented in predict-
able directions relative to the rolhing track, Lenticular carbides
are always assoclated with these areas. LEv:idence is presented
indicating that the boundaries of lenticular carbides constitute
planes of weakness which may be preferred planes of fatigue
cracking. In the transmission electron microscope, the martensitic
structure appears graduaily transformed tnto a cell-like structure
by the action of cyclic stress. The s1ze of crystallites is greatly
reduced in this process. ‘The density of micrastructural change 1s
found increased with cyvcling and is distributed in depth along a
curve resembling that of the calculuted maximum unidirectional
shear stress with little or no visible change 1n the region of maxi~
mum orthogonal (alternating) shear stress,

HI-F-9. Nizhnk, S. B. "Austenitic Transformation Mechanism under the Con-
ditions for the Formation of *White' l.avers,” Phvsics of Metals &

Metallographv, 13:71, (No. 4, 1963)

At heating rates of 10° - 104 deg/sec with external pressure,
depending on the tnitial heat treatment of carbon and chromium
steels, it has been found that either the diftusion of aiffusionless
austenitic transformation mechanism may prcvail. It is noted that
the influence of the temperature of a rapid heating and mechanism
of austenitic transformation on the microstructure of the secondary
quenching zone can be established ty the staged etching away of the
"white" layers.

flI-F-10, O'Brien, John L., and Alwyn H. King, "Electron Microscopy of Stress-
Induced Structural Alerations near Inclusions in Bearing Steels," ASME
Trans, p. 568-572, (September 1966)

The white~etching structural alteration occurring around nonmetallic
inclusions in cyclically stressed bearing steels was studied by
transmission-electron microscopy. To use this method, thin foils
were prepared with an edge running through the lateration. It was
found that the alteration 1s due to the formation of 0, 05- to 0. 1-
micron cells in ferrite. The cell formation 1s sumilar to that seen
in fattgued 1ron except tor the small cell size of the deformed steel
Evidence ts also given that deformation causes breakup of the car-
bides produced on the tempering of steel prior to deformation.

Ui-F-11, Rohde, R.W., "Temperature Dependence of the Shock-Induced Reversal
of Maktensite to Austenite in an Iron-Nickel-Carbon Alloy," Acta
Metallurgica 18:903-13, (1970}

Shock compressiun experiments were used to measure the temper-

ature dependence from 25 to 390°C of the transition pressure

associlated with the reversal of martensite to austenite in an

Fe-28, 4 at 7o N1-0. 3 at "o C alloy. The transition pressure .
decreases nonlinearly from 67 Kbar at 43°C to about 6 Kbar at -
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3u0°C. \bove 300 C the slope of the phase line is -0. 23 kbar/*C,
whereas below 250°C the slope 1s -0, 14 Kbar/°C., These data are
analyzed by two thermodynamic procedures: (1) by assuming that
the reversal is an isothermal transformation and (2) by assuming
that the reversal is an adiabatic transformation. The latter pro-
cedure provides the better fit to the data. Previous hydrostatic
pressure measurements of the transition from 300° to 380°C are
compared with the shock cumpression data, Although the temper-
ature coefficients determined in the two separate experiments are
the sanie, the transition pressure determined in the hydrostatic
experinients s about 10 Kbar lower than the transition pressure
determined in the shock experiments. This discrepancy is caused
by a partial reversal of martensite due to the presence of shear
stresses in the shock compression experiments.

111-F-12, Russell, R.J., and 2. G. Winchell, "Reversal of Fe-Ni-C Martensite
by Rapid Large Shear," Metallurgical Trens 3:2403-4, (September 1972)

The conditions for reversal of martensite to austenite during large
and rapidly applied shear are discussed and evaluated experimentally
for the shear zone neighboring a pattially pierced hole. Although
the large transformation strain of reverse martensite transformation
could conceivably couple with the applied shear stress to provide a
large energy aiding the reversal, such extensive coupling is not
experimentally found to be important, Ruther the important engi~
neering quantities to consider are the chemical stability of the
martensite, the strain heating of the austenite and diffusion of heat
from the shear zone,

111-F-13, Winchell, P.G., "Structure and Mechanical Properties of lron-Nickel-
Carbon Martensites," Purdue University, 1’hD Thesis, (August 1938)

The structure and mechanical properties of iron-nickel carbon
martensites containing 0. 01 - 1, 0% carbon were investigatec. To
allow measurement of the properties and structure of the marten-
sites prior to tempering, the nickel and carbon contents were
balanced to place the Ms at about -35°C, The structure of as-

formed inartensite is body-centered tetragonal with the axial ratio
equal to 1. 003 + 0. 045 (%C) at all c~.bon levels investigated. The
"extra' (0, 005) carbon independent tetragonality, which disappears
during aging at 100-C, can be either true tetragonality or more
reasonably apparent tetragonality due to deformation faults every

40th (211)-type martensitic plane. Precipitation of carbon commences
on aging even dt -40°C and results in a discontinuous decrease in the
axial ratio so that after tempering at 100°C for one hour, the axial
ratio is 1. 008 for carbon contents between 0. 2 and at least as high

as 0. 7%. During precipitation the electrical resistivity increased

and subsequently decreases. Aging is similar to the first stage of
tempering in iron-carbon alloys. Potent solid-solution strengthening
in as-formed martensite due to carbon, as evidenced by increasing
yield stress, occurs at low carbon levels and is independent of testing
temperature, suggesting that Cottrell atmosphere formation is not i
a hardening mechanism. Between 0.4 and 0.8% carbon, very little i
additional solid-solution hardening is observed, Further strength- ’
ening in this carbon range occurs Juring aging. The latter strength-

ening increased with increasing carbon content reaching about 30, 000 }

L —
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IH-G-1,

HI-G-2,

I-G-3.

III. METALLURGICAL STUDIES (cont. )

psi at 0.8% carbon, Solid-solution hardening is thought to be due
not to an increase in the strength of the atomic binding but to the
elastic interaction between dislocation stress fields und stress
fields around random carbon atoms. The role of tetragonality,
itself, is of secondary importance. Precipitation hardening is
thought to account for hardening observed during aging.

Wallace, W., and T, Terada, "Nature of 'White Streaks' Observed in
a Nickel-13ase Superalloy," Metallurgical Trans 4:2481-2483, (October
1973)

Wingrove, A, L., " Note oun the Structure of Adiabatic Shear Bands
in Steel, " Journal of the Australian Institute of Metals 16:67, (No. 1,
1871). AD 885 185

An anomalous tempering behavior has been observed in adiabatic
shear bands in steel that were previously assumed to be martensite.
It has been confirmed that the structure of these bands is martensite
but that they contain dense tangles of dislocations, The anomalous
tempering behavior 1s discussed in relation to carbide precipitation
behavior in martensite that contains a high density of lattice defects.

Bailey, J. A., and J. R. E, Singer, "Effect of Strain Rate and Temperature
on the Resistance to Deformation of Aluminum, Two Aluminum Alloys,
and Lead," Institute of Metals Journal 92:404-408, (1963-1964)

The object of the investigation was to provide stress strain data
directly applicable to fabrication processes for super-purity
aluminum, a Duralumin-type alloy containing 4. 2% copper, a high~
strength aluminum alloy containing 3. 7% zinc, and high-purity lead.
Testing was carried out by means of a constant-strain-rate plane-
strain compression plastometer over the strain-rate range 0.4-311/
sec and at temperatures up to 0. 95 of the absolute solidus tempera-
ture for each material. No relation could be found between tempera-
ture and stress at a given strain, but the stress at a temperature
was related to the strain rate by a power law under all conditions

of testing for the metals concerned. A comparison of the results
with previous work showed that the plane-strain test, operating
over a wide range of strain and strain rate, gave results that
differed considerably frcin those obtained earlier by other testing
methods.

Baltov, A., "On the Formation of Plastic Adiabatic Bands in a Thin

Tube Subjected to a Dynamic Torsion," C. R. Acad. Sc, Paris
275:291-294, (July 24, 1972). In French

Barron, l.G., "Stress/Strain Curves of Some Metals and Alloys,"
Iron & Steel Institute Journal 182:354, (1956)

Comparative tensile tests have been carried out on a number of
metals and alloys at temperatures of 20°, -78°, and ~196°C using
strain rates of 1073 and 10*2 in, /in. /sec. Stress/strain curves
are presented., The strain rate and temperature have a marked

-390~



Il METALLURGICAL STUDIES (cont., )

effect on 1ron and the softer ferritic steels. In dynamic tests
below a critical temperaturc, -1l the feriitic materials exhibit a
type of premature failure in which the strain 1s entirely localized
to a short neck. 1t is shown that th1s is a consequence of the adia~
batic rature of tlus test. The variation of upper vield stress with
temperature and strain rate appears to obey an activation energy
relationship over part of the range uf stress. Within this range
the activation energy for yielding varies with the stress in the
manner predicted by Cottrell and bilby,

1I-G-4. Beeuwkes, K. Jr., "iHigh Loading Rates in Metals, " Watertown Arsenal,
R-64, (June 1969). AD 265 204

High loading rate effects are found to commonly occur on both low
and high speed appar-tus and tests. Though commoniy disregarded,
it is important to understand these effects us shown by examples
which also indicate how low-speed tests may often be satisfactorily
substituted for high-speed tests. The severity of rates, judged by
materials behavior which i1s considered the outstanding criterion,

is found to be crucially dependent on temperature.

1I1-G-5. Bitans, K. and Whitton, P. W, , "lhgh=Stram-Rate Investigation, with
Particular Reference to Stress/Strain Characteristies, ' Ilnternational
Metallurgical Reviews 17:66-78, (1472)

11-G-6. Bitans, K, and 1>, W, Whitton, "Stress Strain Curves for ().{_vgen- Free
High Conductivity Copper at Shear Strain Rates of up to 103 s=1,"
Instn Mech Engrs Proc 183:114¢, (1970-71)

Sheal stress-shear strain curves for o. f. h. ¢. copper at room
temperature were obtained at constant shear strain rates in the

range 1 to 10° s~1 using thin-walled tubular specimens in a fly-
wheel-.ype torsion testing machine. Results show that, for a given
value of strain, the stress decreascs when the rate of strain is
increased. Moreover, the elastic portion of the stress-strain

curve tends to disappear as the rate of strain i1s increased. Itas
postulated that these effects are due to the formation of adiabatic
shear bands 1n the matenal when the given rate of strain is impressed
rapidly enough. A special teature of the design of the testing machine
used is the rapid application of the chosen strain rate.

I-G-17. Campbeli, J.D,, and A, R, Dowling, "The Behaviour of Materials
Subjected to Dynamic Incremental Shear lLoading," Journal of the
Mechanizs & PPhysics of Solids 18:43-63, (1970)

Some ot *he difficulties inherent in attempts to study the rate

dependence of the mechanical properties of solids by means of

longitudinal wave-propagation experiments are discussed, and it

is concluded that these difficulties can be avoided by studying the

propagation of a pure shear pulsc applied while the material is

being slowly deformed 1n pure shear. 2\ new apparatus is described,

in which an in¢remental shear stress 1s applied to a thin-walled tube :
in a time of about 30 usec and the speed of propagation of the resulting ;
stress wave is measured. The apparatus 1s ulso used to test shoit
tubular specimens tn pure shear by the split lfopkinson bar techn.que,
Results of wave-propagation tests on mild steel, copper and alumi-
num show that the initial response 1s essentially elastic, and this is } :_
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111, METALLURGICAL STUDIES (cont, )

confirmed by results obtained in tests on short specimeans of
copper and aluminum. From the latter tests, incremental stress=
strain curves are derived for a strain rate approaching 100 sec™4,
and the rate dependence of the flow stress is compared with that
obtained from compression tests at constant strain rate.

111-G-8, Culver, R.S., "Torsional-lmpact Apparatus," Experimental Mechanics
12:389-405, (1972)

A torsional-impact machine has been developed to investigate the
dynamic behavior of metals ut large strawns and high strain rates.
Two machines are described; the first was used to continuously
monitor stress, strain profile and temperature profile during
deformation; the second was designed specifically to investigate
the thermal i1nstability strain. In both machines, the vse of a
sliear pin made independent control of the ultimate strain possible,
permitting essentiully constant strain rate throughout the test.
Shear-strain rates of up to 2300/ sec and ultimate shear strains
of up to 40% were obtained on mactune Nu, 1. Some experimental
results are presented to indicate the type of data obtained and the
error limits un measurements,

Hi-G-9. Gruntfest, 1.J., "The Tensile Kupture of llard Plastics, " Journal of
Polvmer Science 20:491-494, (1956)

The tensile strength of polymethyl methacrylate is calculated from
"modulus" data applying a criterion for mechanical stability and
assuming that the failure process 1s adiabatic. Reasonuble agree-
ment with observed values 1s ottained. Application to the tensile
strength of glass and of nylon 1s also considered.

HI-G-10. Hoggatt, C. K., und R, ¥. Recht, "Stress-Strain Data Obtained at lligh
Rates Using an Expanding Hing," Experiniental Mechanics 9:441, (1969)

Dynamic uniaxial tensile stress-strain data are obtained at high
strain rates by measuring the kinematics of thin~ring specimens

expanding symmetrically by virtue of their own inertia. Llmpulsively

loaded to produce mgh initial radial velocities, expanding rings are

decelerated by the radiul component of the hoop stresses. Differen=

tial equations of motion are evaluated experimentally to obtain the

stress-strain (constitutive) relationships which govern the magnitude

of these stresses. Techmques have been developed for producing
symmetric radial expansion and measuring resulting displacements
precisely as a function uf time., Dynamic stress-strain relation-
ships have been obtained for 6061-16 aluminum, 1020 cold-drawn
steel and 6A1-1V titanium. For each of these materials, displace-
ment-time curves are observed to be parabolic within the resolutior

of the measurements. HKesults ure presented as true-stress/true-
strain relationships.

UI-G-11. Hollomen, J. ., and C. Zener, "High Soeed Tosting of Mild Steel, "
ASM Trans 32:111, (1944)

Some of the difficulties encountered in high-speed testing of

materials are purely mechanical, and may, therefore, be overcome
with proper diligence. One difficulty, however, is associated with
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111-G-13.

111-G-14.

1I-G-15,
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I, METALLUKGICAL STUDIES (cont, )

the unavowdable inertua of the test material itself. The intrinsic
limitation which this puts upon high-speed testing is discussed.

The literature 1s rich in data regarding the variation of the tensile
properties of mild steel with rate of deformation, in the rang~ of
strain rates available with the usual testing machires, This data

is 50 correlated that a resonable extrapolation to high strain rates
may be made regarding the tensile properties, By such an extrap-
olation, 1t is predicted that 1n mild steel the yield strength becomes
equal to the tensile strength 1n the range of strain rates between |
and 10% sec. 71, depending upon grain si1ze and carbon content.  The
dynamic implications of an equality of the yield and tensile strengths
1s pointed out,

Hollomon, J. L., and C. Zener, "Conditions for lFractur: of Steel,"
Metals Technology ALME 11:44, (1944)

1t 15 commonly recognized that 4 given materiwal may be described
as ductile or brittle unly with reference to the conditions of test,
Thus under the usua! test conditions, quartz 1s brittle, but under
high pre ssures it 1s ductile.  Salts that are brittle at room tempera-
ture become ductile at elevated temperatures.  Pitch, brittle with
respect to rapid loads, flows at low rates of loading, Pearlhitic
steel, ductile under the usual conditions of test, may be embrittled
under the propel conditions of combined stresses, temperature,

and rate of loading.

Johnson, W., lmpact Strength of Materials, pub, by Edward Arnold l.td.,
357p. (1972)

Lindholm, U.S., "High Strain Rate Tests," Techniques of Metals
Research, Vol. 3, Part 1, Chap. 4, edited by Dr, R. I. bunshah,
pub, by John Wiley & Sons, Inc., (1971)

Luerssen, L. V., and O. V. Greene, "The Torsion Impact Test,"
American Society for Testing Mate:rials Proceedings 33:313, (1933)

This paper points out the need for a reliable method of determining
impact resistance on very hard materials such as hardened tool
steel, It reviews briefly tne work of previous investigators in this
field, and comment: on the 1nadequacy of present impact methouds
when applied to these materials. \ machine and method especially
adapted to hard materials, in which the specimen is fractured
torsionally under impact, are described in detail. Calibration of
the machine, design of the test specimen, effect of velocity, and
reproducibility of results are then discussed, and comparisons are
drawn with current -..ethods of test on softer materials. 7Test duta
are shown on three hardened tool steels drawn over a range of hard-
ness. These are discussed briefly, and general conclusions are
drawn on the practical value of such data and the utility of the
machine as a controi und research instrument,

Manion, S, A., and T. A. C. Stock, "The Measurement of Strain in
Adiabatic Shear Bands," Journal of the Australian Institute of Metals
14:190-197, (1969)
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UL METNLLUKGIONE STUDLES (Cont. )

U1-G=17.  McCaugiiey, b M., and M.\, Dragoo, "Hien Speed Compression lTests
of Projectile Steels, " Frankford Arsenal, K-798, (May 1947),  AD 493 311

The stress-=train relaiion tor adiabaue deformation 1s extremely
important because 1t s probable that the phenoc.enon of shatter
failure results essentudly from the instabiity of adiabatie defor-
mation of the =hot during penetration.  To supplement the infuraation
obtained with quasi=static compressiun tests, adiabatic tests were
conducted.  While static compression tests are a conveuent way of
studving the ellfects of steel composition and he © treatnient on some
of the mechanical propetrties unportant to shot rformance, there
are certaln aspects of shot steel behavior in eo. . ression on which

1t gives no information.

U1-G=14.  Kead, T.A., Il. Markus, and J. M. McCaughey, " P’lastic Flow and
Rupture of Steel at High Hardness lLevels," Fracturing of Metals,
pub. by American Suctety for Metals, (1848); ulso 1n ASM Trans
41018:228-243, (1948)

Stress-strawn relations for a medium carboun steel were measured
_~ over a range of hardness levels from Kockwell C-40 to 66, ‘lhe
; data indicate that stress increases as the nth power of the strain
for strains greater than 0, 04, The strain hardemng exponent n so
) determined has a minumum value when specimens of these steels
! are tempered in the neighborhood of 200°F, 1t 15 suggested that
. the low values of energy absorption in the torsion-impact and
: notched-bar bend tests for heut treated medium and high-carbon
' ' steel specimens tempered near 300 F may result froni the low value
of the strain-hardening expunent obtained after tlus tempering treat-
! ment.

f 11-G-192, Zener, C., and J. . Hollomon, "Effect of Strarn Rate upon Plast.c
L Flow of Steel," Journal of Applied Phyvsics 13:22, (1944)

An experiment was designed tu check a previously proposed equiva-
lence of the effects of changes in strain rate and 1n temperature
upon the stress-strain relation in metuls, 1t is found that tins
equivalence 1s valid for the tyvpical steels investigated, The
behavior of these steels at very high . ates of deformation may,
therefore, be obtained by tests at moderate rates of deformation
performed at low temperatures. The results of such tests are
described, Astde from changing the 1sothermal stress=-strain
relation, an increase of strain rate tends to change the conditions
from isothermal to adiabatic. It is found that at low temperatures,
the adiabatic stress strain rela-ion tn the plastic range 1s radically
different from the isothermal, having an initial negative rather than
a positive slope. This initial negative slope renders unstable
homogeneous plastic deformation.
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IV, MISCELLANEOLS

A, REVIEWS

IV-A-1, Rogers, H.C., "Adiabatic Shearing; A Keview," Drexel University,
73p., (May 1974)

Adiabatic plastic defurmation 15 reviewed in 1its broadest sense
with the emphasis on adiabatic shearing. The obxervations of this
phenomenon in high speed machining and metal forming, ballistic
impact, explosive fragmentation, high velocity punching, cryogenic
deformation, bearing technology and several other areas are dis-
cussed at length. Alseo described are the material dependent aspects
of adiabatic shearing. Included are polymeric materials 1n addition
to both ferrous und non-ferrous materials. Several different
analytical mudels of plastic instability resulting from the adiabatic
shearing are presented and the merits of each compared. Since
the adiabatic shearing process frequently culminates in fracture,
this topic is covered extensively. A\ possible alternative mecha-~
nism for the formatinon of "'knabbly" tracture surfaces is proposed.
The effect of deformation in the promotion of carbide dissolution
during the adiabatic defurmation of steel is cons'dered. Finally,
the structure and high hardness of the "white streaks” observed

in steels as a result of adiabatic shearing .re discussed with
respect to their interrelationship and also relative to the possible
mechanisms of formation of this structure.

b, SEISMIC FAULTING

IV-B-1, Orowan, E., '"Mechanism of Seismic Faulting," Rock Deformation

Symposium, edited by David Griggs, pub. by Geological Society of
American, p. 323, (1960)

According to the classical theory, earthquakes would be caused by
fracture, or the release of static friction, followed by sliding be-
tween the fault walls and a consequent drop of stress around the
fault. At a depth of 600-700 km, where thc pressure is about

200, 000 bars, the lowest possible estimate of the coefficient of
{riction (about 1) would demand principal stress differences of the
order of 400, 000 bars for overcoming the friction of the fault wall
and producing a drop 1n sersmic stress., BSuch high stresses cannot
be assumed to exist, if only because the yield stress of the astheno-
spheric rocks can hardly have an order of magnitude exceeding a
few tens or at most hundreds of bars. This estimate is obtained by
extrapolation of the observed creep behavior of hard materials with
the_assumption that th¢ gffect of a hydrostatic pressure is similar
to that of a correspondingly increased molecular cohesive pressure;
its order of magnitude agrees with that of the stress drop estimated
{rom the energies released in earthquakes. A detailed discussion
of this difficulty shows that earthquakes, except at focal depths less
than about 5-10 km, cannot arise in the manner in.plied in the
classical theory. The only plausible alternative available at present
is that they are due to an instability of plastic deformation {creep)
such as gives rise to slip bands, Luders bands, the Hanson-Wheeler
creep deformation sands, and many other similar phenomena. If
creep produces structural changes that accelerate further creep,

the deformation concentrates gradually into thin layers in which high

Preceding page blank
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IV. MISCELIANEOUS (cont, ) iian

flow rates can develop, and finally even shear melting may occur
by heat development due to plastic deformation, Such a mechanism
would explain the sequence structure of earthquakes (fore and after-
shocks). If fracture and frictional sliding are impossible and —
rEGlting can occur only by the gradual concentration of creep defor-
mation 1nto thin zones, the stress concentration around the edges
of a fault cannot propagate this fault immediately over the :ntire
stressed volume, as would be the case with faulting due to fracture.
The fault can extend oniy after the occurrence of a certain amount
of creep leading to progressive strain cencentration in the region
put under increased stress by the preceding faulting,

C. SPALLATION OF IIAMMER

IvVv-C-1.

Iv-C-2,

Mclntire, H,O., and G. K. Manning, " Producing Martensite by Impact,"”
Metal Progress 74:94, (1958)

Mclntire, H, O., and G. K. Manning, "Spalling of Hand llammers,"

National Safety News, (No. 10, 1958)
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